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ABSTRACT 
Rewetting  of  heated  surfaces  is  important  in  many  physical  processes  and  has 
important technological applications. Understanding of this phenomenon is required 
in many engineering and scientific fields. It is one of the most crucial phenomena to 
be  considered  for  the  safety  analysis of  the design basis Loss‐of‐Coolant Accident 
(LOCA)  in  light water reactors (Pressurized Water and Boiling Water Reactors). To 
mitigate  the  consequences  of  LOCA,  water  is  fed  into  the  reactor  core  via  an 
emergency  core  cooling  system;  in  the PWR,  this water  is  fed  to  the  core  via  the 
lower plenum (“bottom reflooding”) and in the BWR, this water is sprayed onto the 
top of the core (“top reflooding”). In both the cases, a quench front is formed which 
moves  rather  slowly.   Ahead  of  quench  front,  complex  and  chaotic processes  are 
occurring over a very small axial region where high temperature gradient exists. The 
heat transfer mechanism is not well known in this region. In this work, the detailed 
physics  of  the  rewetting  processes  has  been  investigated  both  theoretically  and 
experimentally.  
The  thermal  hydraulic  behaviour  of  hot  vertical  channels  during  emergency  core 
cooling  conditions  would  be  expected  to  be  flow  direction‐dependent,  it  was 
important  to  consider  the  two  cases  (top  reflooding  and  bottom  reflooding) 
separately.  It was possible for the first time, to the author’s knowledge, to apply the 
fast  response  infra‐red  thermal  imaging  system  to  study  the  rewetting  process 
during  top  and  bottom  reflooding  of  heated  vertical  surfaces.  The  important 
contribution of this work was the use of this new technology to sense the variation of 
temperature with time at multiple nearby locations at the quench front.   
In  the  top  reflood  experiments,  a  heated  stainless  steel  pate was  quenched  by  a 
falling  film  flow. Through an  infrared‐transparent substrate embedded  in  the plate 
and  coated  with  platinum,  temperature  measurements  at  a  location  near  the 
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rewetting  front  were  achieved  using  infrared  thermal  imaging  system.  The 
temperature/time traces showed fluctuations in temperature indicating occurrence of 
intermittent  contacts  at  the  quench  front.  A  high  speed  video  camera  was  also 
employed to capture rewetting processes by the visual observation of the rewetting 
front from the top surface. In the visual observations, the  liquid film has been seen 
making intermittent contacts with the hot surface. In these experiments, the effect of 
the flow rate and the degree of sub‐cooling of the feed liquid has been studied. The 
rewetting temperature and the characteristic length of the intermittent contact region 
have been deduced from the experimental results. 
Experiments were also done to measure temperature changes at the rewetting front 
for the case of bottom reflooding of a heated tube using a similar technique to that 
employed for the studies of top reflooding. The results suggested that the rewetting 
behaviour was different depending  on whether  the  reflood  rate was high  or  low.  
For  high  reflood  rate,  the  observations  are  consistent with  the  regime  above  the 
rewetting  front being of  the  inverted annular  type and,  for  lower  reflooding  rates, 
the results are consistent with the rewetting front corresponding to a film dryout in 
annular  flow. An  important  finding  from  these experiments  is  the  identification of 
transient temperature fluctuations in the transition region for the high flooding rate 
case. These are similar  to  those observed  in  the  top reflood case and  it seems very 
likely that  these fluctuations are associated with  intermittent wetting of the surface 
in this region.  
An attempt has been made to model rewetting phenomena in which the mechanism 
of  heat  transfer  at  the  quench  has  been  proposed.  The  postulated mechanism  is 
transient  near‐surface  cooling  resulting  from  intermittent  solid‐liquid  contacts, 
followed  by  recovery  of  the  surface  temperature  of  the  metal  substrate,  with 
explosive vaporization occurring when the homogeneous nucleation temperature is 
restored  at  the  metal‐water  interface.  A  one‐dimensional  rewetting  model  was 
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constructed  to  explain  the  cyclical  process;  this  model  predicted  the  cyclical 
behaviour,  with  the  expected  qualitative  dependence  on  system  parameters.  Its 
predictions are quantitatively consistent with experimental observation,  in  that  the 
unsteady model  analysis  brackets  the  experimentally  observed  periodicity  of  the 
quasi‐steady actual process. 
The  one‐dimensional  model  of  the  process  has  been  complemented  by  two‐
dimensional simulations using a commercial  finite element code  (ANSYS). In  these 
simulations, an  intermittent  contact  region has been modelled by  imposing a heat 
transfer coefficient over a certain length between dry and wet regions. A parametric 
study was performed  to  see  the  effect of  the  rewetting velocity,  the wet  side heat 
transfer  coefficient,  intermittent  contact heat  transfer  coefficient,  and  the  length of 
intermittent contact region. 
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T  Temperature (K, °C) 
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u  Dimensionless quench front velocity (dimensionless quantity) 
ܷ  Quench front velocity (m s‐1) 
ݑത  Average velocity of liquid film in free falling flow (m s‐1)  
uc  Cold flood velocity (m s‐1) 
x  Spatial coordinate along the liquid flow direction with respect to a frame 
of reference moving with quench front velocity (m) 
ݔ෤  Spatial coordinate with respect to a frame of reference moving with 
quench front velocity (m) 
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Ԗ  Plate thickness (m) 
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η  Parameter defined by equating 4‐22 (dimensionless quantity) 
Θ  Dimensionless temperature (dimensionless quantity) 
θ  Solid‐liquid‐vapour triple phase contact angle (Degrees) 
Θଵ  Dimensionless sputtering temperature (dimensionless quantity) 
Θଶ  Dimensionless incipience of nucleate boiling temperature (dimensionless 
quantity) 
λ  Thermal conductivity (W m‐1 K‐1) 
μ  Viscosity (N s m‐2) 
υ  Specific Volume (m3 Kg‐1) 
ξ  Parameter defined by equation 4‐18 (dimensionless quantity) 
ߩ  Density (Kg m‐3) 
σ  Surface tension coefficient (N m‐1) 
τ  Time period associated with the cyclic temperature fluctuations (s) 
φ  Intermittent contact frequency (Hz) 
Miscellaneous 
∆T  Difference between bulk liquid and solid surface temperature (K, °C) 
δt  Small increment in time (s) 
Subscripts 
d  dry 
Intf  Interface 
L  Liquid 
S  Solid 
sat  Saturation 
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w  wet 
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RBHT  Roe Bundle Heat Transfer 
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CHAPTER 1  
INTRODUCTION 
This thesis describes a project on the rewetting of hot surfaces typified by the 
rewetting of hot nuclear fuel elements in the reflood phase of a Large Break Loss-of-
Coolant Accident (LOCA) in a Pressurised Water Reactor (PWR). In this 
introductory Chapter, Section 1.1 gives a brief introduction to the phenomenon of 
the rewetting of heated surfaces in the context of reactor systems. Both top 
reflooding (Section 1.1.1) and bottom reflooding (Section 1.1.2) are described. This is 
followed (Section 1.2) by an overview of the previous experimental studies on the 
rewetting of the heated surfaces. Section 1.3 discusses the models that have been 
presented in the literature to describe the physics of the processes involved. These 
reviews of the literature are intended to be at a level sufficient to provide the 
necessary background for what follows in this thesis. They do not claim to be a 
comprehensive and detailed description of the previous literature; such detailed 
treatments are available in the literature and are exemplified by those of Butterworth 
and Owen (1975), Collier (1982) and Pereira (1998). The formulation of the problem 
to be addressed in this work is discussed in Section 1.4. The chapter closes with an 
outline of the thesis contents (Section 1.5).  
1.1 Rewetting of Heated Surfaces 
Rewetting of hot surfaces is important in many physical processes and has important 
technological applications. Understanding of this phenomenon is called for in many 
engineering and scientific fields where it is encountered. For example, it is observed 
in cryogenic processes, filling of liquefied natural gas pipelines, and in high 
temperature metallurgy. It is one of the most crucial phenomena to be considered for 
the safety analysis of the design basis Loss of Coolant Accident (LOCA) in light 
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water reactors (Pressurized Water and Boiling Water Reactors, PWR’s and BWR’s). 
Nuclear reactors generally use rod clusters housed in a channel as fuel. The coolant 
flows in between the fuel rods. These are designed for safety not only during normal 
operation but also during abnormal and accidental conditions. LOCA is considered 
the worst case that may happen. In such an accident, the coolant is rapidly expelled 
from the reactor vessel through a large break in a feed pipe. The reactor core is 
voided and heat removal from the fuel is greatly reduced.  The temperature of the 
clad surface of the fuel element increases drastically because the stored energy in the 
fuel and the decay heat cannot be removed adequately by the surrounding steam.  
The sequence of events for this type of accident in PWR’s is shown Figure 1-1 
(Hewitt, 1997).  In this figure, phase (a) represents the normal operational state.  In 
the blow-down phase (b), a large break occurs in the cold leg and the coolant escapes 
from the system in a very short time. The nuclear fuel rods undergo a rapid increase 
in their temperature. During the refill phase (c), coolant is injected through the 
emergency core cooling system (ECCS) into the bottom of the reactor core. The refill 
phase ends when the water level in the lower plenum reaches the level of the bottom 
of the core; when the water begins to enter the bottom of the core, the reflood phase 
(d) begins. Wetting of the core in the reflood phase takes place at a much lower 
velocity than the inlet velocity of the water; excess water is entrained as filaments 
and droplets and these flow up the core entrained in the steam generated near the 
rewetting front.   This entrained liquid contributes to the cooling of the fuel ahead of 
the passage of the rewetting front (precursory cooling). The rewetting front moves up 
the core until all of the fuel is quenched and is in a safe (cooled) state. In the reflood 
phase, there is essentially a race against time in which the continued heating of the 
fuel (from fission product decay) has to be offset by precursory cooling and, 
ultimately, by the rewetting of the fuel elements surfaces in order to keep the clad 
from reaching temperatures at which significant damage occurs. The rewetting 
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velocity gives an indication of how quickly the injected emergency coolant 
contributes to effective heat removal from the fuel. 
 
 
 
 
Figure 1-1: Sequence of post LOCA events from the normal operation to the reflood 
phase (Hewitt, 1997) 
Figure 1-1 shows the rewetting behaviour in the PWR case of bottom reflooding. In the 
case of a BWR, water is sprayed onto the top of the core and the rewetting front 
passes downwards under the influence of gravity (top reflooding).  The thermal 
hydraulic behaviour of hot vertical channels during emergency core cooling 
conditions would be expected to be flow direction-dependent, i.e. whether the flow 
of coolant is from bottom to top or vice versa and it is important to consider the two 
cases separately.  
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1.1.1 Top Reflooding 
To mitigate the consequences of LOCA in a BWR, water is sprayed through the 
emergency core cooling system (ECCS) onto the top of the core (‚top reflooding‛). 
Top reflooding of a single rod by a film of water is shown in Figure 1-2.  
 
 
Figure 1-2: Reflooding of a single rod by a falling liquid film 
The wetting front separates the rod into wet and dry regions.  At the interface 
between these regions, over an axial extent of order few millimetres, the water tries 
to make contact with the heated surface but it is repeatedly thrown away from the 
surface as a result of an explosive vapour generation process.  We will term this 
Inlet 
Liquid 
Intermittent 
Region 
Wet 
Region 
Dry 
Region 
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small region the ‘intermittent contact’ region. However, this process results in some 
heat removal from the surface allowing the rewetting front to move slowly down the 
surface. In the wetted region, heat is being removed by forced convective and 
nucleate boiling heat transfer.  
1.1.2 Bottom Reflooding 
To re-establish the effective cooling of the heated fuel rods after LOCA in the PWR, 
the water is fed into the reactor core through the ECCS via the lower plenum 
(‚bottom reflooding‛ – see Figure 1-1). Depending on the mass flow rate, two 
different cases can be distinguished occurring at high mass flow rate and at low 
mass flow rate respectively as shown in Figure 1-3.  
 
Figure 1-3: Regimes of rewetting in bottom reflood (Yadigaroglu 1978) 
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At high mass flow rate, there is, immediately above the rewetting front, a thin 
vapour film separating the wall from a central core of liquid. This liquid column 
breaks up in the downstream region, forming a dispersion of droplets. At low 
flooding rates, an annular flow is formed below the rewetting front but, again, a 
dispersion of droplets is formed downstream of the rewetting front. Reflooding in a 
PWR is usually characterised by the high reflooding rate case. The droplets formed 
in both cases participate in the cooling of the hot surface in two ways; they make 
intermittent contacts with the surface and, secondly, they evaporate leading to a 
cooling of the vapour stream in which they are carried. Neither of these precursory 
cooling mechanisms is as intensive as the cooling processes which occur at or below 
the rewetting front, but they are important in affecting the surface temperature at 
which the rewetting front meets the hot surface.  Above the rewetting front at low 
flow rate, the regime of heat transfer is known as dispersed flow film boiling.  For the 
high mass flow rate case, the regime immediately above the rewetting front is 
known as inverted annular film boiling, though this changes to dispersed flow film 
boiling further downstream of the rewetting front as shown in Figure 1-3.   
The great importance of the rewetting processes in reactor safety is reflected in the 
extensive experimental and theoretical studies in this field during the past five 
decades. Detailed reviews of this work are given in references (Butterworth and 
Owen (1975), Collier (1982), Pereira (1998)). A brief overview of the important and 
relevant work regarding the rewetting phenomena is presented here.  
1.2 Experimentation on Rewetting  
Yamanouchi (1968) performed experiments on top reflooding by spraying water 
onto the top of a 36-rod assembly heated to different temperatures at atmospheric 
pressure. It was observed that the water moved down the assembly as a film on the 
rods up to the point (the rewetting front) where the water is ejected from the surface; 
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below the rewetting front, the surface temperature remained high. The rewetting 
front moved down the surface at a steady velocity. Any liquid that comes into 
contact with the hot surface below the rewetting front does not wet the surface. The 
flow rate had only a very small effect on rewetting speed:  an increase of 30 times in 
the liquid flow rate only doubles the rewetting velocity. The heat transfer coefficient 
just above the rewetting front calculated from the experimental data and from an 
analytical relation varied from 2.7 – 27 KW m-2 K-1 for the flow rate in the range of 
2.78 × 10-4 to 2.78 × 10-2 kg/s per rod. The liquid film flows down the surface in the 
wetted region with an average velocity   given by:  
    
     
   
 
   
  
  
 
   
                     1-1 
Where    is the liquid density,    is the liquid viscosity,   the acceleration due to 
gravity and   is the mass rate of flow of the liquid per unit width of the film. The 
data obtained by Yamanouchi indicate, for instance, a variation in rewetting front 
velocity of 4 – 9 mm/s for a variation of    from 1.06 x 10-2 to 0.235 kg m-1 s-1 for an 
initial surface temperature of 400 oC. Over the corresponding range, the value of u
would be from 24 to 873 mm/s. It will be seen, therefore, that most of the liquid 
flowing down the rod is being ejected away from the surface at the rewetting front. 
Duffey and Porthouse (1973) performed rewetting experiments with tubes and rods 
with a wide range of material properties. It was found that the velocity of the 
rewetting front was a function of the hot surface temperature ahead of the rewetting 
front. For a given hot surface temperature ahead of the rewetting front, the same 
rewetting velocities were observed for both and bottom rewetting and Duffey and 
Porthouse concluded that the processes occurring in the two cases were similar.  
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Pereira (1998) studied rewetting by a falling film of liquid. He measured the surface 
temperature during the passage of the rewetting front by using a vapour deposited 
gold-platinum micro-thermocouple; this gave a very rapid response. Pereira was 
also able to obtain high speed videos of the passage of the rewetting front by 
viewing this through a sapphire insert in the plate carrying the falling film.  Pereira 
observed that temperature fluctuations occurred over a very short axial range near 
the rewetting front with a frequency of the order of 1 KHz for the initial wall 
temperature of 600 °C. On the basis of these measurements, and from the video 
recordings, Pereira deduced that the fluctuations were due to intermittent contacts 
between the liquid and the hot plate in the region of the rewetting front. 
Pereira (1998) claimed that the rewetting front itself is at a temperature close to the 
homogeneous nucleation temperature. On the basis of his numerical studies (see 
section 1.3), he suggested that the  temperature gradient away from the wall is too 
great to allow bubbles to grow from ordinary nucleation centres in the region  
immediately upstream of the front. Pereira concluded that ordinary boiling does not 
play a significant role in the rewetting process; rather, the governing heat transfer 
mechanism was that of developing single phase heat transfer in the liquid film 
immediately above the rewetting front.  
Saxena et al. (2001) carried out experiments to study the rewetting behaviour of a 
vertical annular channel, with a hot inner tube, for bottom flooding and top flow 
rewetting conditions respectively. It was found that the rewetting velocity increased 
with an increase in flow rate of water for a given initial surface temperature of the 
tube while it decreased with an increase in the initial surface temperature for a given 
water flow rate. This observation is not inconsistent with the findings of 
Yamanouchi (1968) and others that the rewetting velocity is essentially independent 
of flow rate for a given surface temperature; it has to be remembered that Saxena 
refers to the initial surface temperature whereas the earlier studies refer to the local 
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hot surface temperature at the time the front passes. In the case of the Saxena 
experiments, precursory cooling gives a reduction of the hot surface temperature 
before the front arrives and the extent of the reduction depends on flow rate. 
Saxena found that the rewetting velocities for initial surface temperature of 290 °C 
and more were less that the cold flooding velocities; here, cold flooding velocity is the 
rate at which the water would rise up the channel in an unheated system. However, 
the rewetting velocities were close to the cold flooding velocities at an initial surface 
temperature of 200 °C. The effect of flow rate was predominant at this temperature. 
The rate of increase of rewetting velocity with respect to flow rate was large at initial 
surface temperature of 200 °C, whereas it was much less at higher initial surface 
temperatures (though there was still an effect of flow rate due to the precursory 
cooling effect referred to above). He also found that at a given flow rate of water, the 
rewetting velocity decreased with an increase in initial surface temperature. 
Mitsutake et al. (2003) measured transient boiling heat transfer on a vertical surface 
of a rectangular parallelepiped made of copper, brass and carbon steel at 300 °C 
during bottom flooding. These authors found it convenient to divide the heat 
transfer into three regions, namely film boiling, nucleate boiling and natural 
convection. The wetting front, separating non-wetted and wetted areas, moved up at 
a rate slower than the mean water velocity, consistent with the work referred to 
above. The difference between the mean water velocity and the wetting front 
velocity showed a tendency to increase with a decrease in liquid sub-cooling, an 
increase in flooding velocity and an increase of thermal inertia of the block. 
Woodfield et al. (2005)  studied the flow behaviour of a free surface water jet 
impinging on a high temperature surface. It was found that flow pattern observed 
depended critically on the superheat of the surface.  For the case where the initial 
temperature of the surface was above 300 °C, an almost explosive pattern appeared. 
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Droplets were seen to depart from the surface in regular rings with a frequency of 
1000 rings per second. The sheet of the water was observed to appear and then 
disappear cyclically. The period of the time when the sheet was present gradually 
became longer until the sheet remained continuously. The cooling history showed 
that a sudden change in flow pattern occurred when the initial solid temperature 
was above 300 °C. At the higher surface temperatures, Woodfield at al. suggested 
that both homogeneous and heterogeneous nucleation may have occurred. At lower 
temperatures, they suggest that only heterogeneous nucleation occurred which was 
not violent enough to rupture the sheet. For an initial temperature lower than 200 °C, 
Woodfield et al. found that conditions were such that the liquid continuously wetted 
the surface.  
Jackson et al. (1994, 1998) reported experimental studies in which a platinum wire 
immersed in a pool of fluid (water and organic solutions) was suddenly heated at 
sufficient high rate.  The wire was viewed and illuminated through two built-in 
glass windows on opposite sides of the test vessel. Spark photography was used to 
study the nucleation and boiling events which took place on the wire.  From the 
experimental results, it was found that different modes of nucleation are present in 
the transient boiling depending on the applied rate of heating and liquid pressure. In 
the slower transient typified by lower pressure and heating rate, onset of nucleation 
of a heterogeneous type occurred followed by the prompt formation of vapour 
blanketing the wire and temporarily inhibiting heat transfer. In the fast transient, 
spontaneous nucleation followed by higher heat fluxes of the order of 100 MW/m2 
were observed.  
Jackson et al. (1994, 1998) also found that by increasing the sub-cooling of the fluid, it 
was possible to avoid the vapour blanketing and achieve an equilibrium condition 
with the surface which could be maintained at a temperature close to the 
spontaneous nucleation value whilst covered by numerous, evenly-distributed small 
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bubbles. These bubbles generate disturbances in the liquid and thereby liberate heat 
into it very effectively. The occurrence of this phenomenon is dependent on rate of 
heating as well as the sub-cooling. 
1.3 Rewetting Models 
Almost all theoretical models involve solutions of the Fourier heat conduction 
equation in the solid phase. . In the earlier models, most of the authors (Blair (1975), 
Carbajo (1986), Coney (1975), Duffey and Porthouse (1973), Yeh (1975), etc.) 
considered a constant wet side heat transfer coefficient whilst assuming an adiabatic 
wall downstream of the quench front. The specification of this wet side heat transfer 
coefficient and the temperature at the rewetting front are the prior inputs to these 
models and a wide range of values were assumed. If a particular heat transfer 
coefficient is assumed, then an appropriate rewetting temperature can be chosen to 
fit the data.   
Models in which (fairly arbitrary) combinations of heat transfer coefficient and 
rewetting temperature are specified are found not to represent the data over the full 
range of flow rates; thus, models giving  rewetting velocities in agreement with 
experiments for low coolant mass flow rates, may give poor agreement for higher 
mass flow rates. Except for some cases of top flooding at low flow rates, the 
assumption of negligible heat transfer coefficient in the dry side is not justified for 
either top or bottom flooding because the effect of precursory cooling by vapour and 
liquid droplets ahead of the quench front is ignored. Modelling the precursory 
cooling by a single constant low heat transfer coefficient in the dry region is 
physically unrealistic because of the large variations in heat flux in this region.   
 Yamanouchi (1968) obtained an expression for the rewetting velocity by using a 
simple one-dimensional rewetting model in which the water film is assumed to be at 
the saturation temperature and in which a constant heat transfer coefficient was 
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assumed in the wet region and zero heat transfer coefficient was assumed in the dry 
region. The process is treated as a steady state one with a constant temperature 
distribution around the moving quench front. The analytical results showed that the 
reciprocal of the rewetting velocity is proportional to the difference in initial wall 
temperature and the quench front temperature. Analytical expressions for the 
quench front position and the length of the sputtering region were also obtained on 
the basis of one-dimensional heat transfer normal to the flow direction; axial 
conduction was ignored.  
Coney (1975) also modelled rewetting by assuming a constant heat transfer 
coefficient in the wet region and zero heat transfer coefficient in the dry region; 
however, his model treated the conduction in the metal wall to be two-dimensional 
rather that one-dimensional. The two-dimensional conduction equation was 
converted to non-dimensional form using the following dimensionless parameters: 
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Where T is the temperature, Tsat is the saturation temperature, Tw is the initial wall 
temperature,   is the dimensionless temperature, Bi is the dimensionless Biot 
number, u is the dimensionless form of the quench front velocity,  , and h is the wet 
side heat transfer coefficient. The parameter   is the clad thickness,             are 
the density, specific heat and thermal conductivity of the clad respectively.  
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For the given rewetting velocity and the dimensionless Biot number, the heat 
conduction equation was solved by the method of separation of variables. The 
resulting solution consisted of series expansions for the wetted and dry regions. The 
expansions were matched at the boundary between the two regions to find the 
sputtering temperature. For this purpose, a computer program REWET was written 
to include a large number of terms in the series expansions for better accuracy. The 
quench front heat transfer coefficient was estimated by matching the experimental 
data. The results showed linear dependence of the dimensionless inverse rewetting 
velocity (equation 1-4) on the dimensionless wall temperature (equation 1-2) for 
higher wall temperatures whereas,  at low wall temperature,  there is curvature 
which has opposite sense depending on whether Biot number is large or small. The 
results for the sputtering temperature were  compared with the experimental data of 
Bennett et al. (1966). The results are in reasonable agreement for the dimensionless 
velocity u ≤ 0.1 and there is a significant deviation when it is greater than 0.1.  
Olek et al. (1988) considered the rewetting of hot surfaces by a falling liquid film as a 
conjugate heat transfer problem, in which the energy equation was solved iteratively 
to obtain the temperature distribution in the liquid (governed by convection) and in 
the solid (governed by conduction) simultaneously. In the dry zone, the heat transfer 
between the surface and the adjacent fluid was assumed to be negligible (i.e. 
precursory cooling was neglected).  However, axial conduction along the plate was 
included. The quench front moved at a constant velocity and the temperature 
distributions in the solid and in the liquid were invariant with respect to the quench 
front (i.e. a quasi-steady-state condition was assumed at the quench front). The 
following conclusions are drawn from this study: 
 The rewetting velocity increases with liquid flow rate. The rate of increase in 
the velocity becomes smaller as the flow rate grows.  
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 The heat transfer coefficient and solid-liquid heat flux rise with flow rate, 
though the rate of growth becomes more moderate for higher flow rates. 
 The zone which characterizes the quench phenomenon becomes smaller with 
increasing flow rate 
 The heat transfer coefficient increases with the initial wall temperature and 
decreases with higher values of the rewetting temperature. 
 One-dimensional models which use the same values of rewetting temperature 
and heat transfer coefficient as two-dimensional models, under-predict the 
rewetting velocity. The deviation increases with the flow rate. 
 Neglecting precursory cooling in the modelling leads to an under-prediction 
of quench front velocities as compared to the experimental measurements. 
An interesting phenomenon, as suggested by Olek et al. (1988), was the existence of 
a situation of very fast heating, near the quench front,  of the liquid to a high degree 
of superheat without substantial vapour generation by normal nucleate boiling from 
nucleation centres on the surface. However, in this region, Olek at al. suggest that 
violent vapour generation may occur due to bubble growth following   
homogeneous nucleation. This rapid vapour generation occurs over a very limited 
spatial region at the solid-liquid-vapour interface. The predictions from the model of 
Olek et al. are in good agreement with the experimental results for low flow rates; 
however, the model under predicts the rewetting velocity for the case of high flow 
rates (> 0.5 kg m-1 s-1). 
Pereira (1998)  extended the model of  Olek et al. (1988) by numerically solving the 
heat conduction equations for both solid and liquid regions.  Based on his 
experimental results, he set the rewetting temperature equal to the homogeneous 
nucleation temperature for the conditions in which convection is predominating. The 
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heat flux in the wetted region upstream of the quench front was governed by 
convection in the advancing film. Just below the quench front there was a region of 
intermittent contacts between the liquid and the surface; these intermittent contacts 
provided a zone of short range precursory cooling which had a crucial effect on the 
rewetting process. Several types of profiles for this precursory cooling were 
investigated.  Assuming a short region of intense precursory cooling (‚short range 
precursory cooling‛) immediately ahead of the rewetting front, Pereira was able to 
get results which were in close agreement with the Yu, et al. (1977)  correlation of 
experimental data. For sub-cooled water and for high flow rates, the agreement is 
less satisfactory.  
Davidy et al. (2001) developed a one-dimensional time-dependent rewetting model 
for flat plate geometry. The solution domain is divided into two parts: a wet side 
upstream of the quench front, where intensive heat transfer takes place and a dry 
side downstream of the quench front, where relatively poor cooling exists due to a 
mixture of vapour and steam. The dry region may heat up as a result of exothermic 
steam-metal reaction. In the wet region, a constant heat transfer coefficient was 
assumed whereas decreasing heat transfer coefficient was prescribed in the dry 
region. An approximate solution of the one-dimensional heat conduction equation 
was obtained by splitting it into steady state and transient parts. The quenching 
velocity history and the temperature profile are computed analytically via a Green’s 
function approach. The parameters in the arbitrary heat flux profile are determined 
by fitting the solution to the experimental data by Tatsuhiro and Mitsuru (1984). The 
rewetting temperature T0 was (somewhat arbitrarily) taken as the geometrical mean 
of the saturation and critical temperatures, defined as: 
                               1-5 
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where Tsat and Tcr are the liquid saturation and critical temperatures respectively.  
The prediction of the quench front velocity agreed with the experimental results by 
Duffey and Porthouse (1973) for low temperatures and low mass flow rates. For low 
initial wall temperatures and with the precursory cooling neglected, the model 
suggested deceleration of the initial quenching velocity (transient) as it approached 
its positive steady state value. On the other hand, when the initial dry wall 
temperature was high, the initial quenching velocity started from a negative value 
(receding front) and asymptotically increased towards its positive quasi steady 
value. In all cases the rewetting front velocity attained a constant value at large 
times. The transient time to reach steady state increased with increasing the initial 
dry wall temperature. 
 Sahu et al. (2009) analyzed conduction-controlled rewetting of two-dimensional 
objects (rod/plate) by the Heat Balance Integral Method (HBIM) considering three 
distinct regions: a dry region ahead of wet front, the sputtering region immediately 
behind the wet front and a continuous film region further upstream.  Sahu et al. 
defined inter-region temperatures of T0 between the dry and sputtering region and Tb 
between the sputtering region and the wetted region. The values of these 
temperatures were obtained by fitting experimental data.  The temperature along the 
rod, T, and the values of Tb and T0 were expressed in dimensionless form as: 
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 For the wet and sputtering regions, two constant but different heat transfer 
coefficients (   ,   ) were assumed. Based on these two heat transfer coefficients, two 
dimensionless Biot numbers (BiC BiB) were defined: 
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where    is the plate thickness and   is its thermal conductivity. However, for the dry 
region, an adiabatic condition (heat transfer coefficient, h = 0) was assumed. A range 
of values of    ,   and Biot numbers were used as input parameters. The HBIM 
yielded solutions for wet front velocity, sputtering length and temperature field with 
respect to wet front in terms of   ,   , BiC and BiB. It was seen that heat transfer 
mechanism was dependent upon    (characterizing the initial wall temperature), 
and    (specifying the range of temperature for sputtering region). Additionally, the 
mechanism of heat transfer was found to be dependent on two Biot numbers BiC (for 
convective heat transfer in the wet region) and BiB (for boiling heat transfer in the 
sputtering region).  
Rewetting is a very short range and complex process involving several phenomena 
e.g. hydrodynamics, thermodynamics, heat transfer, intermolecular forces, and 
surface tension. In very small scale, where gravity is negligible, the solid-liquid 
attraction forces become dominant. Surface forces enter the description through the 
liquid-vapour interface on which the surface tension force acts. The influence of 
these phenomena is incorporated through micro-scale models.  
Ben David et al. (2001a, 1999) formulated a non-isothermal micro-scale 
hydrodynamic model of the three-phase contact zone to cover the case of non-
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uniform temperature and evaporation at the liquid-vapour interface. The model 
incorporated hydrodynamics of heat and mass, phase changes occurring along the 
liquid-vapour interface, interfacial phenomena, and intermolecular long range forces 
of film spreading in a two-dimensional micro-scale region, adjacent to the three-
phase contact line. The model was comprised of scaled mass, momentum, and 
energy balances, and their corresponding scaled boundary conditions. This reflected 
the strong effect of the solid-liquid interactions on the film profile, and on the 
attendant flow and thermal fields. The attractive forces acted against the tendency of 
the liquid to evaporate. Thinner films, or alternatively smaller contact angles, were 
associated with stronger attraction forces between the solid and the liquid molecules. 
Consequently, rewetting was established at higher temperatures of the solid surface 
and lower evaporation and vapour recoil effects. This model enabled the 
determination of the three-phase contact angle, and the flow and temperature fields. 
Ben David et al. (2001b) also developed a thermodynamics model based on 
statistical-mechanics for the contact angle between a liquid film and a solid 
substrate. The contact angle depended on the interfacial tension at the three phase 
contact line and the strength of the wall-fluid interaction. When the temperature and 
the interaction energy parameter of a solid-liquid system are known, the contact 
angle can be evaluated. The model accounted for the occurrence of three types of 
wetting behaviour: complete wetting (θ = 0°); partial wetting (0° < θ < 180°); and 
non-wetting (θ = 180°), as well as the transitions between them.  For a specific solid-
liquid system, the hydrodynamic model produced a solution profile of the liquid-
vapour interface equation. This yielded an attendant hydrodynamic contact angle. 
Concurrently, the thermodynamic model, under the same conditions, provided a 
thermodynamic contact angle. Ben David integrated the hydrodynamic and 
thermodynamic models in an iterative algorithm seeking the conditions where the 
contact angle predicted by the two models match. This gave simultaneous and 
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unique determination of both the quench front velocity and rewetting temperature 
for a wide range of system properties. 
Nagayama and Cheng (2004), and Ji and Yan (2008) developed a molecular dynamic 
(MD) simulation for the liquid-vapour-solid system near triple phase contact line in 
a micro-channel. With the objective of obtaining a microscopic insight into the 
complex liquid-vapour-solid system, they applied the Lenard-Jones potential to 
monatomic molecules of the argon as liquid and vapour and platinum as solid 
substrate. The results showed that the hydrodynamic boundary condition at the 
liquid-vapour-solid interface depended on both the interface wettibality and the 
magnitude of the driving force. The molecular dynamics results showed a pattern of 
an adsorbing layer sliding along the solid wall. A gap existed between the liquid and 
the wall resulting in almost frictionless resistance. The velocity profile showed a 
plug flow profile and the slip length was not constant but depended on the driving 
force. It was also found that there are non-uniform temperature and pressure 
profiles near the solid wall.  
Unfortunately, micro-scale models are not yet a suitable basis for the prediction of 
practical rewetting rates. Thus, the structure of the models developed by Ben David 
et al. (1999, 2001a, 2001b) is such as to produce unstable solutions. Additionally, the 
Ben David models assume a smooth liquid-vapour interface up to the triple interface 
whereas, in the real case, this region is a somewhat chaotic one with associated 
explosive boiling. For the molecular dynamics models, the no slip boundary 
condition may break down when the driving force exceeds a critical value that 
overcomes the interfacial resistance.  
The following conclusions are drawn from the experimental and theoretical studies: 
 Rewetting velocity is relatively independent of the inlet flow rate of the feed 
liquid. 
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 The process of rewetting is a local phenomenon depending mainly on the heat 
removal from a region immediately downstream of the wetting front where 
the detailed physics of the local rewetting process is very complex and where 
steep gradients in axial metal temperature occur over a very short distance.  
 Water makes intermittent contacts ahead of the rewetting front, at a frequency 
of the order 1000 Hz, with the hot metal. The experiments suggest that the 
liquid is explosively vaporized following each contact.  
A number of questions remained unanswered about the rewetting process: Why is 
the rewetting velocity relatively insensitive to the flow rate of the feed liquid? What 
is the mechanism of heat transfer at the quench front?  What are the causes and the 
controlling parameters of the cyclic bursting of the liquid at the wetting front? The 
work described in this present thesis was aimed at addressing these questions both 
by making detailed temperature measurements in the rewetting front region and by 
modelling the liquid/solid interaction processes in this region.  
Thus, the modelling approach followed in the work presented in this thesis (and 
described in detail in Chapters 4 and 5) has been to concentrate on the intermittent 
explosive boiling processes. This is considered to be more realistic, though the type 
of microscopic studies pursued by Ben David, et al. (2001a, 2001b, and 1999), Ji and 
Yan (2008) and Nagayama and Cheng (2004) could form part of complete models of 
the system in future work. 
1.4  Problem Formulation 
The understanding of the detailed physics of the local rewetting process is rather 
incomplete at present. In particular, the crucial mechanism of intermittent contacts 
ahead of the rewetting front has been identified experimentally but has been 
inadequately investigated and understood. To help address this deficiency, the work 
37 
 
described in this thesis had two main aims. The first aim was to get better 
understanding of the heat transfer mechanism at the wetting front and to obtain 
improved experimental evidence and quantification of the intermittent explosive 
behaviour. For this purpose, new methodologies were required for temperature 
measurement and visualization of the processes at quench front. Designing, 
assembling and installing experimental rigs for the implementation of these new 
methodologies was also required. The second aim was to develop, from the first-
principles, a phenomenological model of the rewetting process which is capable of 
explaining the experimentally observed features of the rewetting processes. 
Validation of the model against analytical and experimental results was an 
important part of this process.  
1.5 Thesis Outline 
In Chapter 2, an experimental study on the rewetting of a hot vertical surface by a 
descending liquid film is described. A fast response infra-red thermal imaging 
system is used for the temperature measurement at a location near the rewetting 
front. The rewetting front was observed through an infrared-transparent substrate 
coated with platinum. A high speed video camera was also used to capture 
rewetting processes by the visual observation of the wet side of the surface.  Further 
experiments, described in Chapter 3, were done to measure temperature changes at 
the rewetting front for the case of bottom reflooding of a heated tube. Here, an infra-
red transparent insert (coated with platinum) was inserted into the tube wall. In this 
case, it was clearly not possible to take high speed videos of the wetting front though 
evidence obtained in a separate project using axial view photography by Zeng (2010) 
provides useful additional evidence.    
Chapters 4 and 5 of this thesis describe the development and application of a 
rewetting model in which the mechanism of heat transfer at the quench front is 
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proposed. The postulated mechanism is transient near-surface cooling resulting from 
intermittent solid-liquid contacts, followed by recovery of the surface temperature of 
the metal substrate, with explosive vaporization occurring when the homogeneous 
nucleation temperature is restored at the metal-water interface. A one-dimensional 
version of the rewetting model, constructed to explain the cyclical process, is 
described in Chapter 4.  This one-dimensional model of the process has been 
complemented by two-dimensional simulations using a commercial finite element 
code (ANSYS, discussed in Chapter 5, of the rewetting process. In these simulations, 
an intermittent contact region has been modelled by imposing a heat transfer 
coefficient over a certain length between dry and wet regions. A parametric study 
was performed to see the effect of the rewetting velocity, the wet side heat transfer 
coefficient, intermittent contact heat transfer coefficient, and the length of 
intermittent contact region. In the last chapter (Chapter 6) the main conclusions from 
the work are summarised and recommendations for further work are given.   
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CHAPTER 2  
TOP REFLOOD EXPERIMENT 
In “top reflooding”, in a nuclear reactor, water is injected at the top of the hot fuel 
element and flows downwards, with a “rewetting front” (i.e. the boundary between 
the wetted (cool) and unwetted (hot) surface) passing slowly downwards with 
excess liquid being thrown off the surface at the rewetting front by a “sputtering” 
process. This type of rewetting is typified by that occurring following the spraying of 
water through Emergency Core Cooling System (ECCS) onto the top of the (hot) core 
following a Loss of Cooling Accident (LOCA) in a Boiling Water Reactor (BWR).  
This chapter describes an experimental study aimed at simulating this top reflooding 
case and gaining a better understanding of the highly localised events occurring near 
the rewetting front. In this study, the rewetting of a heated vertical plate by a falling 
film flow was investigated. Sections of the plate were made of sapphire, an infra-red 
transparent material, coated with a thin metal film. The progress of the film over the 
test section was observed from the wet side by high speed video camera, and from 
the dry side, through the sapphire, the solid-liquid interface temperature was 
measured via infra-red microscopy. 
In what follows below, Section 2.1 gives a brief description of the experimental 
techniques used, namely the infra-red thermal imaging system (Section 2.1.1) and 
video camera (Section 2.1.2). This is followed (Section 2.2) by a description of the 
experimental arrangement used; Subsections 2.2.1 and 2.2.2 present descriptions of 
the flow circuit and the test section respectively. The experimental procedure is then 
described in Section 2.3. A summary of the results and the analysis of them is given 
in Section 2.4 and some overall conclusions are presented in Section 2.5.  
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2.1 Experimental Techniques 
To measure temperature, the usual choice of technique is to employ thermocouples. 
These are cheap, reliable and robust, and have nearly linear temperature 
characteristics over a large range of temperature. In order to make effective use of 
thermocouples in studying rewetting phenomena, it is necessary to employ special 
techniques. Thus, Pereira (1998) used vapour deposited thermocouples with a high 
frequency response and was able to demonstrate the intermittency of the rewetting 
process.  However, the installation and use of such thermocouple systems is not only 
difficult in itself but also has the important limitation that it is only possible to 
measure the temperature at the thermocouple junction itself. One could employ 
multiple deposited thermocouples but what would be ideal would be a system in 
which a continuous record of the distribution of surface temperature around the 
rewetting front was made. Fortunately, such measurements are now possible using 
fast response infra-red thermal imaging and it is this type of measurement which 
was used in the work described in this thesis. The fast response infra-red thermal 
imaging system facilitates the measurement of time varying temperature over the 
imaged zone thus allowing both spatial and temporal variations of temperature 
associated with the rewetting front to be observed. Clearly, the capital costs 
associated with such a system are very large! However, recognizing this cost barrier, 
the UK Engineering and Physical Science Research Council (EPSRC) has purchased 
such a system and is making it available to researchers on a short term loan basis. 
This EPSRC system was used in the present work and is described below. 
2.1.1 The Cedip Titanium 560M Thermal Imaging System 
The Cedip Titanium 560M infra red imager is a self cooling thermal imaging system 
for carrying out thermal and radiometric measurements with great sensitivity, 
precision and speed;  the technical specifications are given in Table 2-1.  
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This system has a thermal sensitivity of 25 mK at 25 °C and can measure 
temperature over a range from 5 to 2000 °C with an accuracy of ± 1 °C or ± 1%. The 
inbuilt InSb detector operates over infrared waveband from 3.6 to 5.1 μm as shown 
in Figure 2-1. The detector with the format 320 × 256 or 640 × 512 pixels offers the 
greatest sensitivity, while keeping an extraordinary dynamic range as well as a 
perfect linearity. The image frequency is programmable (from 100 Hz at full frame to 
4980 Hz with a reduction in picture size) and the sub-windowing modes are simple 
and flexible. The integration time is adjustable by increments of 1μs. External 
triggering allows the synchronization of the image with the most fleeting of events. 
The images grabbed are transferred to a dedicated PC with specially built ALTAIR 
software. 
 
Figure 2-1: Spectral response of Cedip Titanium 560M thermal imaging system 
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Entity Specifications 
Detector Materials In Sb 
Number of Pixels 640 × 512 pixels 
Spectral Response 
3.6μm – 5.1μm 
(1.5-5.1μm optional) 
Sub-windowing 
320 × 256 pixels 
160 × 128 pixels 
16 × 4 pixels 
User defined 
Frame Rate up to 100Hz Full Frame – 4980Hz@16 × 4 
Image Capture 
Snapshot 
Integrate While Read (IWR) mode 
Integrate Then Read (ITR) mode 
Pitch 15 μm × 15 μm 
NETD <25 mK @ 25 °C (20mK Typical) 
Aperture F/3 
Digital Video CamLINK /GigE Ethernet (Optional) 
 
Table 2-1: Specifications of Cedip Titanium 560M Thermal imaging system  
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2.1.2 Visualization System 
For the visualization of the rewetting process, an Olympus i-SPEED 3 video camera 
was used. It is the latest addition to the Olympus i-SPEED range, and has been 
designed to an advanced specification providing high resolution, extreme low light 
sensitivity and up to 150,000 frames per second recoding, making it the ideal tool for 
the work presented here. 
2.2 Experimental Arrangement  
In what follows, Section 2.2.1 describes the flow circuit and Section 2.2.2 describes 
the test section.  
2.2.1 The Flow Circuit 
The experimental arrangement is shown in Figure 2-2. The water tank (10) contains 
de-mineralized water. An electrical heating system is fitted in the tank to pre-heat 
the water to the desired temperature.  The pump (8) circulates the water in a closed 
loop through a control valve (9) to ensure steady flow rate and uniform temperature 
of the inlet water. To initiate the experiment, the plate is brought up to the required 
temperature and the water is directed to the top of the test section (1) through the 
injection nozzle (5) at the required flow rate. The nozzle is filled with beads of equal 
size to ensure uniform distribution of the water as it feeds over the plate width. The 
flow rate meter (6) measures the flow rate. Once the water was passing over the 
plate is drained into the tray (12). 
In the final version of the experiment, the whole test section was heated by passing a 
large current though it by connecting it to the power supply (11) through the copper 
clamps (3) and (4). The top clamp (4) is held in place firmly by two tufnol pieces 
while the bottom one is left hanging loosely to allow thermal expansion for the test 
section. The uniformity of the test section temperature was ensured by taking 
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temperature measurements at different axial locations using fast response K-type 
thermocouples. In fact, the high current power supply became available only 
towards the end of the experimental studies and a compromise method was used to 
heat the plate for the earlier experiments. 
 
 
Figure 2-2: Top reflood experimental set up: 1. Stainless steel plate,  2. Sapphire disk ,  
3 & 4. Copper clamps,  5. Spray nozzle,  6. Flow rate meter,  7 & 9. Control valves,  8. 
Pump,  10. Water tank,  11. Power supply,   12.  Drainage tray, 13. Infra-red camera, 
14. Computer 
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In this phase, the plate was heated by placing a 70 mm diameter circular disk heater 
at the back of the flow plate with the sapphire window in the central position under 
the heater; the disk heater had a hole at its centre which allowed the use of this 
system without damage to the sapphire window.  
2.2.2 Test Section 
The temperature history of the surface during the rewetting process was measured 
on a sapphire insert (disk) which was mounted in the surface. The mounting of the 
disk was through a hole cut in the surface and the disk was positioned such that its 
surface contacting the rewetting fluid was flush with the surrounding hot metal 
surface so as to minimize any disturbance to the flow as it passed over the surface of 
the insert. The surface of the sapphire disk which was to be contacted with the 
rewetting fluid was coated with a thin (~0.2 µm) vapour deposited platinum film. 
The use of sapphire for the inserts had two advantages; firstly, sapphire has a 
thermal conductivity of the same order as that of the main metal surface (namely 
stainless steel). Secondly, sapphire is reasonably transparent to infra-red (see Figure 
2-4) so that the coated surface can be observed through the insert using the infra-red 
camera, thus allowing transient surface temperatures to be measured. The 
transmittance through the sapphire substrate for the waveband used is near to 90% 
(see Figure 2-4). 
The insert used for the top reflood experiment was a 10 mm (diameter) × 1 mm 
(thickness) sapphire disk  embedded midway down a vertical flat stainless steel 
(AISI 304) plate of size 482 mm × 50 mm × 1.2 mm as shown in Figure 2-3. The disk 
was fixed into the plate using silver chloride salt which acts as a glue when heated 
beyond its melting point (457 °C).  
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Figure 2-3: Bottom, side and top view of the top reflood test section with sapphire 
disc embedded at the centre. All dimensions are in millimetres 
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Figure 2-4: Transmittance (percent) of infrared waves through a 1mm thick sapphire 
plate 
2.3 Procedure 
The test section was heated to the desired temperature prior to the start of water 
flow over it. The sapphire disk was also heated (by conduction) to a temperature 
close to that of the surrounding stainless steel; since sapphire has a thermal 
conductivity and thermal diffusivity close to stainless steel; at the temperature range 
used, the thermal conductivities of the sapphire and the stainless steel are 12 and 15 
W m-1 K-1 respectively and the thermal diffusivities are 3 × 10-6 and 3.9 × 10-6 m2/s 
respectively. It would thus be expected that the behaviour of the descending wetting 
front passing over the inserts would be similar to its behaviour in passing over the 
adjacent stainless steel surface. As the liquid flows over the coated side of the 
sapphire disk, the distribution of temperature of the coating was measured by 
viewing it through the sapphire inserts using the Cedip Titanium 560 M infra-red 
thermal imaging system. This was placed in a position normal to the test section 
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plane (see Figure 2-2) and infra-red images were obtained at rates up to 1000 frames 
per second.  
2.3.1 Data Acquisition and Processing 
Experiments were carried out over a range of water sub-cooling (difference between 
water temperature and saturation temperature), plate temperature and water flow 
rate as listed in Table 2-2. The output from the thermal imaging system (Cedip 
Titanium 560M) is in the form of thermographs in the AVI format.  The thermal 
images for a typical case (serial number 3 in Table 2-2) are shown in Figure 2-5. The 
system also records the temperature distribution for each frame in ASCII format 
stored in the output data files. A MATLAB script was written to extract the 
necessary information out of the data. The processing of video images was 
straightforward with just some adjustment of contrast and brightness. 
 
Figure 2-5: Representative thermal images at series of time demonstrating the 
wetting of the sapphire disk. Green colour represents the unwetted part whereas 
blue colour represents the wetted part 
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S. No 
Inlet degree of 
sub-cooling 
(°C) 
Flow 
rate 
(L/min) 
Initial wall 
temperature 
(°C) 
1 70 1.2 400 
2 70 1.9 420 
3 70 2.5 405 
4 60 1.2 410 
5 60 1.9 408 
6 60 2.5 427 
7 40 1.9 375 
8 40 2.5 385 
9 40 3.2 400 
 
Table 2-2: Flow conditions for the top reflood experiment 
2.4 Results and Discussion 
The variation of the surface temperature of the sapphire disk with time can be 
determined from the output from each pixel in the infra-red image; each pixel 
corresponded to a field of view of approximately 0.28 x 0.28 mm2 and the 
temperature recorded was an average over this pixel area. In the temperature/time 
traces reported here, results from the pixel at the centre of the sapphire disk are 
presented. The temperature history plot for a typical test (serial number 3 in Table 
2-2) is shown in Figure 2-6. The temperature plot can be divided into three 
distinctive parts; I: the dry zone, II: the transition zone and III: the wet cooling zone.  
In the dry zone, the rewetting front is far above the (hot) sapphire disk and the heat 
transfer rate from the disk is small. Thus, in this dry region, the temperature at the 
disk falls only slowly with time. Eventually, the rewetting front approaches the 
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sapphire disk and the transition zone is entered. Later, the surface becomes 
completely wet and the wet cooling zone is entered. The wetting front separates the 
wet and transition zones. 
The most interesting region (from the point of view of understanding the rewetting 
process) is the transition zone. In this region, characteristic fluctuations in 
temperature occur as the rewetting front is approached. These are typified by the 
magnified temperature/time traces as exemplified by those shown in Figure 2-7.  It 
seems likely that these fluctuations are related to intermittent contact events and this 
is consistent with video images of the liquid film as discussed in Section 2.4.5. These 
intermittent contact events seem to be of the type suggested by Pereira (1998). 
However, the magnitude of the temperature fluctuations observed is relatively small 
in the traces; this probably due to the fact that the temperature is being averaged 
over a relatively large area (0.28 x 0.28 mm2). In the experiments of Pereira (1998), 
deposited micro-thermocouples with a junction size of around 0.03 mm were 
employed and the magnitude of the fluctuations was much greater.  The fluctuations 
continue for several cycles as the front passes over the recorded pixel but, after a 
time, this area becomes fully wetted indicating that the rewetting front has passed 
the pixel region. The intermittency is not immediately evident from thermal images 
of the type shown in Figure 2-5 which are of a circular zone approximately 8.5 mm 
in diameter. The intermittency is actually occurring in a small zone at the transition 
between the wet and dry regions. A possible inference is that the intermittency is 
associated with explosive boiling events as discussed by Pereira (1998). 
Information about the rewetting temperature, the quench front velocity, the 
temperature gradient in the region immediately ahead of the rewetting front and the 
bursting frequency can be extracted from this experiment. 
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Figure 2-6: Temperature/time trace for a typical top reflood case (serial number 3 in 
Table 2-2) 
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Figure 2-7: Magnified temperature/time traces obtained at three nearby locations in 
the transition zone for a typical case (Test No. 3 as defined in Table 2-2). Points 4, 5 
and 6 are separated by a distance of 0.85 mm in the axial direction 
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2.4.1 Fluctuation Frequency 
The frequency of the fluctuations described above can be determined (at least 
approximately) from the temperature/time traces in the transition region. It may be 
hypothesised that this frequency corresponds to the frequency at which liquid is 
explosively ejected from the surface but this correspondence is an inferred one – 
more detailed local temperature measurements would be required to be certain of 
this link.  The results for fluctuation frequency measured from the temperature/time 
traces are given in Table 2-4 and plotted in Figure 2-8. The results show that the 
fluctuation frequency increases with increasing degree of sub-cooling whereas the 
flow rate has very little effect on the frequency. 
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Figure 2-8: Dependence of bursting frequency on liquid flow rate and inlet degree of 
sub-cooling 
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Flow Rate(L/min) 1.2 1.9 2.5 3.2 
Sub-cooling (°C)  
40 - 0.013 0.013 0.011 
60 - 0.016 0.013 - 
70 0.0181 0.015 0.021 - 
 
Table 2-3: Rewetting velocity for different flow conditions (m/s) 
2.4.2 Rewetting Velocity  
Temperature/time plots for a typical top reflood case (serial number 3 in Table 2-2) at 
series of pixels separated by 0.85 mm in the flow direction are shown in Figure 2-9. 
The velocity of the rewetting front can be obtained by measuring the time shift 
between the traces. The time taken by the quench front to move from one location to 
the other is obtained from Figure 2-9. The knowledge of this time and the fixed 
distance between the points give the rewetting velocity. Note that the traces shown 
in Figure 2-9 are the un-magnified ones and do not show the temperature 
fluctuations referred to in the above.  
Table 2-3 and 2-4 show the results for rewetting velocity and fluctuation frequency 
(obtained from the expanded traces) for the various tests carried out. Dividing the 
rewetting rate by the fluctuation frequency gives the net advance per cyclic event; 
Table 2-5 shows the results of this calculation. It is interesting to note that the net 
advance per cycle is ~ 0.3 mm for all the cases studied. 
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Figure 2-9: Temperature history at different axial positions during quenching of hot 
plate for a typical case (Test No. 3 as defined in Table 2-2) 
 
Flow Rate(L/min) 1.2 1.9 2.5 3.2 
Sub-cooling (°C)  
40 - 34 36 34 
60 - 48 50 - 
70 67 67              70 - 
 
Table 2-4: Interface lift-off frequency (Hz) 
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Flow Rate(L/min) 1.2 1.9 2.5 3.2 
Sub-cooling (°C)  
40 - 3.8E-04 3.7E-04 3.1E-04 
60 - 3.4E-04 2.6-04 - 
70 2.7E-04 2.2E-04 3.0E-04 - 
 
Table 2-5: Advancement during each intermittent contact, "rewetting velocity/ 
frequency ", (m) 
2.4.3 Temperature Gradient  
Analysis of the data shows that a steep temperature gradient exits immediately 
ahead of the quench front. For a typical case (serial number 3 in Table 2-2), the 
(smoothed out) temperature along the axial direction at a time when quench front 
arrives at the top of the sapphire disc is shown in Figure 2-10. It can be seen that the 
temperature varies from 215 °C to 380 °C in s-shaped profile over a spatial range of 
about 2.26 mm. This implies that there is a temperature gradient of 72.8 °C/mm.   
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Figure 2-10: Axial temperature variation ahead of the quench front 
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2.4.4 Quenching of Plate at High Temperature 
A more limited set of experiments was carried out later for higher plate 
temperatures. The temperature history plot for a typical top reflood experiment with 
initial plate temperature of 500 °C and inlet liquid flow rate of 1.9 litres per minute is 
shown in Figure 2-11. The temperature history again manifests three distinct regions 
as explained earlier. However, the intermittent contacts in the transition region II can 
be seen more clearly for this case.  
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Figure 2-11: Temperature history for the case with initial plate temperature of 773 K 
and inlet liquid flow rate of 1.9 litres per minute 
An expanded view of the transition region is given in Figure 2-12 where the outputs 
of pixels which are 0.62 mm apart in the axial direction are shown. The fluctuation 
behaviour can be seen very clearly in this graph. The change of fluctuation 
behaviour at a temperature of around 310 to 300 °C is seen from this graph 
suggesting a change of behaviour when the temperature reaches the homogeneous 
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nucleation temperature of 308 °C. Modelling the phenomenon of intermittent 
contacts is discussed in detail in Chapter 4.  
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Figure 2-12: Temperature history at various locations (top to bottom) along the axial 
direction 
2.4.5 Visual Observations 
The processes occurring during quenching of heated vertical plate by a falling film 
flow were observed using a high speed video camera (i-SPEED3). The images were 
obtained by viewing the edge of the plate in the horizontal direction; this allowed 
the “lift-off” process as the rewetting front proceeded down the plate to be clearly 
observed.  A succession of frames from the video recording for a typical case with 
initial wall temperature of 400 °C and inlet flow rate of 0.5 litres per minute are 
shown in Figure 2-13. A scale grading in millimetres is given at the edges in these 
photographs.  
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Figure 2-13: Snap shots showing the film lift-off and droplets ejection during 
rewetting of heated plate by falling film flow 
               0 ms 
               4 ms 
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Figure 2-13 (Continued) 
               8 ms 
               12 ms 
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Figure 2-13 (Continued) 
               16 ms 
               20 ms 
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Figure 2-13 (Continued) 
               36 ms 
               24 ms 
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A film of water, 3 mm in thickness, is seen making contact with wall at the quench 
front and lifted-off ahead of it. The film remains in contact with the wall for few 
milliseconds and keeps on sliding along the wall during this time. After this, it is 
lifted-off presumably as a result of explosive vaporization; the frames at 4.0 to 12.0 
ms show this very clearly where the lift-off is encircled. The maximum lift-off is 
about 2.0 mm. The quench front recedes up the plate for about 5 mm and then starts 
sliding again to repeat the process. The frame at 36 ms shows the lifting-off of the 
film for the second time, here again it is encircled for clarity. The period of this cyclic 
lift-off is few tens of milliseconds. 
Droplets of 3 to 5 mm in diameter were also observed to move down along the film 
with a frequency almost equal to the cyclic interface lift-off frequency. The origin of 
these droplets is unknown. A cold flood test was done to see if these droplets were 
arising from the impingement of the water jet at the top of the plate. However, it was 
found that, with an unheated plate, the film moved down the adiabatic surface 
smoothly. Thus, these droplets are associated with the rewetting phenomena itself. It 
could be possible that they are coming from sputtering of another rivulet. 
2.5 Concluding Remarks 
This Chapter has presented some new data in the rewetting of hot vertical surfaces 
by a falling liquid film, simulating the case of top reflooding which would occur, for 
instance, in the case of BWR LOCA sequence. The main novel feature of these 
measurements has been the use of infra-red thermal imaging to study the detailed 
events associated with the passage of the rewetting front. The infra-red 
measurements strongly suggest the existence of intermittent contacts during the 
passage of the rewetting front and it has been possible to obtain quantitative data on 
the frequency of these contacts. The data support the view that the temperature at 
the rewetting front is close to the homogeneous nucleation temperature lending 
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credence to the concept that the intermittency is associated with the explosive 
boiling processes arising from the attainment of the homogeneous nucleation 
temperature. The “lift-off” processes associated with the passage of the rewetting 
front were also visualised using high speed video imaging of the edge of the falling 
film. It is noted that the area over which individual temperatures  are measured 
using the infra-red camera was of the order 0.3 × 0.3 mm2 whereas the size of the 
junction  of the thermocouple used in the experiments of Pereira (1998) was of the 
order of 0.03 mm (i.e. ten times smaller). Future measurements with the infra-red 
technique should aim to focus on a smaller area. Though this was not feasible with 
the camera on loan from EPSRC, it may be possible to improve discrimination by 
using a more powerful infra-red lens and this should be investigated.  
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CHAPTER 3                  
BOTTOM REFLOOD EXPERIMENT 
The processes occurring in a Large Break Loss of Coolant Accident (LOCA) in a 
Pressurised Water Reactor (PWR) were summarised in Chapter 1 (see in particular 
Figure 1-1).  A crucial issue in the recovery of the core following a LOCA is the 
feasibility and speed of rewetting the (hot) fuel assemblies in order to limit their 
deformation and to prevent their ultimate self-destruction. By this stage, it is 
reasonable to assume the fission reaction (which produces most of the power in 
normal operation) will have been stopped as a result of the loss of moderator caused 
by the ejection of the water.   
However, internal heat generation arising from the decay of fission products 
contained in the fuel is still sufficient to melt the fuel in a period of around 500 
seconds after the ejection of the original water content of the core in the blowdown 
phase of the LOCA. It is vital, therefore, to reintroduce water into the core before 
significant fuel self-destruction occurs. This is done by refilling the lower plenum of 
the reactor and reflooding the core using water from the Emergency Core Cooling 
System (ECCS). It is critically important to represent the reflood process in 
establishing the safety case for PWR’s; this requirement has led, in the past, to very 
large experimental and modelling efforts.  
The great importance of the reflood/rewet process in reactor safety analysis has led 
to very extensive studies. Typical reviews of this work are those of Butterworth and 
Owen (1975), Pereira (1998), Saxena et al (2001) and Zeng (2010). Typical of studies 
carried out on the reflooding of single hot tubes are those of Duffey and Porthouse 
(1973), Lee and Shen (1985), Costigan (1986) and Zeng (2010). Extensive studies have 
also been carried out on the reflooding of bundles of hot rods (simulating nuclear 
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fuel bundles) with lengths up to the full PWR core length of 3.66 m. These latter 
studies are typified by the FLECHT-SEASET (Full Length Emergency Cooling Heat 
Transfer - Separate Effects and System Tests) reported by Hochreiter (1985) and 
Loftus (1982) and the RBHT (Rod Bundle Heat Transfer) tests reported by Ireland et 
al (2003). Remarkable insights into the mechanism of bottom reflood were provided 
by the studies of Costigan (1986) who visualised the reflooding of a hot (600 °C) 
stainless steel tube by using neutron radiography. The stainless steel was essentially 
transparent to the neutron beam but the water absorbed and scattered the beam and 
its behaviour could be clearly observed.  
Figure 3-1 shows sketches by Costigan of the flow patterns observed in the neutron 
radiography studies. As will be seen, the water proceeds as a jet away from the 
rewetting front, ultimately breaking up into droplets. The video images obtained 
from the neutron radiography show the very complex behaviour of the droplets; for 
instance, they can oscillate upwards and downwards during their transport up the 
tube. Shown on Figure 3-1 are the inlet velocities of the water and the velocity of 
progression of the rewetting front. As will be seen, the rewetting front velocities are 
up to an order of magnitude lower than the inlet water velocities. Nevertheless, the 
rewetting velocity increases with increasing water inlet velocity and this is the result 
of precursory cooling.  Such precursory cooling occurs because heat is transferred 
from the hot surface to the steam-water mixture above the quench front. This cooling 
arises from single phase heat transfer to the vapour phase and (less importantly) 
from direct contacts between the droplets and the hot surface. Also, heat transfer to 
the vapour causes this vapour to superheat and evaporation at steam-water 
interfaces offsets this superheat. This long range precursory cooling should be 
distinguished from the short range precursory cooling defined by Pereira (1998) which 
refers to the result of intermittent contact between the water and the surface in the 
quench region. The results obtained for bottom reflood contrast with the 
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experiments on the top reflooding case where the rewetting velocity is independent 
of water flow rate (Bennett et al, 1966). In these latter experiments, the droplets were 
sputtered away from the rod and made no further contribution to the cooling 
process. It should be noted however that, in the BWR top flooding case, the water 
released from the hot surface must be retained in the space between the fuel pins 
and might, therefore, contribute some precursory cooling.   
 
Figure 3-1:  Flow patterns in bottom reflooding as drawn by Costigan (1986) from the 
images produced by neutron radiography 
Despite the differences due to the nature of the flow above the rewetting front (and 
the consequent differences in the precursory cooling behaviour), it seems plausible 
that the basic mechanism of heat transfer at the quench front is similar for both top 
reflooding and bottom reflooding. Thus, one would expect the characteristic 
temperature fluctuations observed in the quench front region in top reflooding (see 
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Chapter 2) to occur also in bottom reflooding. However, the measurement of such 
fluctuations has been beyond the capability of the instrumentation used in previous 
bottom reflooding experiments. The objective of the work described in this Chapter 
was to obtain new data on the temperature history associated with the quench front 
in bottom reflooding using the same high speed infra-red imaging  methods as those 
used for top reflooding as described in Chapter 2.  
In what follows, Section 3.1 deals with the technique and method used for the 
bottom reflood experiment.  This is followed (Section 3.2) by the description of the 
experimental setup.  The procedure is given in Section 3.3. The chapter concludes 
with the presentation and discussion of the results (Section 3.4).  
3.1 Technique and Method 
In these experiments, the spatial and temporal variations of temperature around the 
rewetting front were measured using a similar technique to that employed for the 
studies of top reflooding as described in Chapter 2. A sapphire plate (coated on one 
side with platinum) was mounted into the wall of a tube. The tube was heated to a 
high temperature and then water was introduced into the bottom of the tube to 
perform a bottom reflood test. The coated surface could be observed through the 
(transparent) sapphire and the temperature of this surface could be recorded using 
the Cedip Titanium 560 M thermal imaging system (on loan from the Engineering 
and Physical Sciences Research Council – EPSRC). There was, of course,  a problem 
of fixing the (flat) sapphire plate into the (cylindrical) tube and some compromise 
was necessary (see Section 3.2.2)  
3.2 Experimental Set Up 
The bottom reflood experiment was carried out on an existing boiling facility located 
within the Department of Chemical Engineering at Imperial College London. This 
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rig has been recently modified by Zeng (2010) for the study of the region above the 
quench front in bottom reflooding. In the experiments by Zeng, the objective was to 
study the formation and behaviour of droplets in this region and in particular the 
interaction of the droplets with the hot tube surface. For these experiments, an axial 
view photographic method was used.  
For the present experiments, the same basic facility as that used by Zeng was 
employed; a fuller description of this facility is given in Section 3.2.1 below. The 
methodology used for fixing the sapphire window is discussed in Section 3.2.2 
below.  
3.2.1 Main Rig 
 An overall flow diagram of the boiling facility is illustrated in Figure 3-2; the facility 
is currently comprised of three major test rigs:  
 Sub-atmospheric evaporator (SAE) rig  
 Nucleate boiling visualization (NBV) rig  
 Axial view reflood (AVR) rig  
The rewetting experiment was performed on the axial view reflood (AVR) rig. The 
test section, shown in Figure 3-2, consists of a 2 m long vertical stainless steel (316) 
tube with an outside diameter of 18 mm and wall thickness of 1.5 mm. The tube is 
electrically heated using the same power supply as used for the top reflood 
experiment.  The main charge of water in the experiment is held in the primary tank, 
which is a stainless steel vessel with a capacity of about 400 litres. The cooling water 
supplied from the primary tank is driven through the flow loop by a pump. The 
cooling fluid is then preheated using an electrical pre-heater to the desired 
temperature (20-80 °C of sub-cooling). The inlet flow rate of the water corresponded 
to a flow velocity in the tube (“cold flooding rate”) within the range of 2.5-17.5 cm/s.   
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This flow rate is measured using a turbine flow meter supplied by the Roxspur 
Measurement & Control Ltd (Pelton Wheel Turbine NS500/063). The flow rate is 
controlled using valves V2 and V3. 
 
Figure 3-2: Flow circuit for the bottom flooding flow experiment 
3.2.2 Test Section 
The aim of the test section design was to insert a coated sapphire insert into the tube 
wall so that the temperature history of the inner surface of the insert could be 
observed using the infra-red camera as the rewetting front passed over the insert. 
Ideally, the inner surface of the insert would be curved to match the inner surface of 
the tube; however, this was not possible and only flat sapphire inserts could be used. 
The design therefore represents a compromise in which every attempt is made to 
minimise discontinuities in the inner surface whilst accepting the requirement that 
the sapphire window has to be flat. The stages in manufacture and installation of the 
insert section were as flows: 
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1. At a distance of 1 m from the bottom end of the tube, a flat zone on the outer 
tube surface was created by milling the outer tube wall. This flat zone was 40 
mm long and 10 mm wide (Figure 3-3 (a)).  
2. The next step (Figure3-3 (b)) was to machine a slot 5 mm wide and 30 mm 
long which was centred in the flat zone made in Step 1; this slot penetrated to 
the inner wall of the tube.  
3. A support mounting was manufactured as shown in Figure 3-3 (c). This 
mounting   was coplanar on one side with the flat zone. It had lugs on each 
side of this coplanar region into which holes were drilled and tapped to 
accommodate grub screws which allowed fixing of the cover plate (see 
below). The support mounting was attached to the tube by seam welding it to 
the tube at the top and bottom of the mounting as shown in Figure 3-3 (c).  
4. A sapphire plate, 40 mm long, 15 mm wide and 1 mm thick, was placed onto 
the flat zone (Figure 3-3 (d)). The plate was coated with platinum on the inside 
surface and direct contact between the plate and the fluid inside the tube 
occurred over the 5 mm wide, 30 mm long slot described in (2) above. Thus, 
by viewing the platinum coating through the sapphire plate using the Cedip 
Titanium 560 M thermal imaging system, the temporal variations of wall 
temperature could be observed, particularly during the passage of the 
rewetting front. At the edges of the slot, the plate fitted into the tube with 
minimal surface discontinuity. The inner wall of the tube was filed at the 
bottom and top of the slot to minimise discontinuities at these positions also.   
5. The sapphire plate was held in position using the arrangement shown in 
Figure 3-3 (d). A graphite gasket was placed over the plate, this gasket having 
a slot in it corresponding to the slot in the tube wall. The cover plate was 
placed above the gasket, this cover plate also having a slot in it to allow 
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optical access to the inner surface of the tube via the sapphire plate. Grub 
screws passing through holes in the cover plate and screwed into the support 
mounting were used to hold the assembly in position as shown in Figure 3-3 
(d). An isometric view of the test section is shown in Figure 3-3(e). Also, some 
heat resistant sealant was introduced around the edges of the plate to 
eliminate small leakages; this sealant was designed to work at temperatures 
up to 350 °C and this therefore limited the maximum tube temperature which 
could be studied. For the top reflooding experiment, the sapphire inserts were 
sealed into the plate using molten silver chloride which allowed much higher 
temperatures to be attained. Ideally, silver chloride might also have been used 
for sealing the sapphire plates in the bottom reflood experiments. However, 
there were a number of problems which inhibited this. In the attachment of 
the sapphire disks to the plate for the top reflooding experiments, an oven 
was used to heat the plate. However, the tube used in the bottom reflooding 
experiment was too long to be installed horizontally in the available ovens. It 
may have been possible to heat the tube in the vertical orientation using the 
existing Joule heating system but, in this case, the salt would have fallen off 
the surface. One possible solution might have been to install a special Joule 
heating system to apply to the tube in a horizontal position, but 
considerations of space and time did not allow this. Another consideration 
was that the sapphire disks used in the top reflood experiments regularly 
shattered under thermal stress. If this happened, then the plate was simply 
replaced. This was not so feasible in the case of the more complex 
arrangement used in the tubular case. In view of these factors, the 
temperature limitation of the sealant used was accepted and a more limited 
set of experiments were conducted. 
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Figure 3-3: Construction of the tubular test section – stage (a) 
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Figure 3-3: Construction of the tubular test section – stage (b) 
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Figure 3-3: Construction of the tubular test section – stage (c) 
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Side view 
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Figure 3-3: Construction of the tubular test section – stage (d) 
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Figure 3-3: Construction of the tubular test section – stage (e) complete assembly; an 
isometric view  
To measure the temperature of heated tube, K-type thermocouples were mounted at 
three positions; at the top of the tube, just below the sapphire plate and at bottom of 
the tube.  
3.3 Procedure 
The flow rate was set to the required level prior to heating the tube. The liquid was 
kept flowing through a bypass loop. The power supply was switched on to heat the 
tube to the desired temperature. The assembly including the sapphire plate was also 
heated (by conduction) to a temperature close to that of the surrounding stainless 
steel. Once the required temperature had been reached, the power was cut off and 
liquid was directed to flow through the tube by opening the gate valve. The quench 
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front moved upwards making a cracking noise; a steep drop in temperature 
indicated by a thermocouple signified the arrival of the quench front at that 
thermocouple position.  When the quench front reached a point just below the 
sapphire plate, the infrared camera was turned on. As the liquid flowed over the 
sapphire plate, the distribution of temperature on the coated side of the plate in 
contact with the fluid was measured using the Cedip Titanium 560 M infra red 
thermal imaging system at a rate of 500 frames per second.  
3.4 Results and Discussion 
As was explained above, the temperature of the sapphire plate was limited to a 
maximum of 350 °C due to the operating limit of the high temperature sealant. All 
the experiments were carried out at an initial temperature close to this maximum. 
Tests were performed at three flooding rates, namely 5, 10 and 15 cm/sec; here the 
flooding rate is defined as the volumetric flow rate (cc/s) of the water fed to the tube 
divided by the cross sectional area of the inside of the tube (cm2 ).  In what follows, 
the temperature of the plate (as determined from the infra-red images) is plotted as a 
function of time. Here, the temperature plotted is that of the midpoint of a 13 × 13 
pixel image covering an 8 × 8 mm2 zone centred in the slot region. The 8 × 8 mm2 was 
the optimal window observed with the camera and this implies that small strips of 
tube metal on either side of the slot were included in the view. A total of 169 (=13 × 
13) temperatures were recorded. Though the infra-red camera used is a very 
advanced one, the field of view for a single pixel is still relatively large (0.62 × 0.62 
mm2).  
By comparison, the deposited thermocouples used by Pereira (1998) were around 
0.03 mm in size and would have given much more localised data on temperature 
fluctuations. Nevertheless, as will be seen, useful information can still be obtained 
about temperature fluctuations though the imaging system would attenuate these.   
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The rewetting front velocity (u) can be determined by measuring the time between 
detection of the times of the temperature excursion at successive thermocouple 
positions. The carryover fraction (M) (i.e. the fraction of the water carried beyond the 
rewetting front) can be determined from the expression:  
     
 
  
                  3-1 
where uc is the velocity of the input water stream (the “cold flood velocity”). Another 
parameter of interest is the long range precursory cooling length, lpc, which is defined as 
the product of the rewetting front velocity, u, and the time, trew, between the first 
contact between the surface and liquid elements (drops, filaments etc) and the 
arrival of the rewetting front. The time trew  corresponds to the time the record from 
the given pixel spends in the transition region (see below). Thus:  
                               3-2 
 trew can be determined from the plate temperature history and values of u, trew and lpc 
for the three cases studied are shown in Table 3-1. As will be seen from this table, 
both M and lpc increase with increasing cold reflood rate.  
The results for a cold reflood velocity of 15 cm/s differ qualitatively from those at 
cold reflood velocities of 5 and 10 cm/s and it is convenient to discuss them 
separately.   
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Test 
No. 
Inlet liquid 
Velocity ‘uc’ 
(cm/sec) 
Rewetting 
Velocity ‘u’ 
(cm/sec) 
Rewetting 
time ‘trew’ 
(sec) 
Percent 
Carry over 
fraction 
Precursory 
cooling Length 
‘lpc’ 
(cm) 
1 5 3.50 2.00 30 7.00 
2 10 4.59 2.40 54 11.02 
3 15 5.40 3.00 64 16.20 
 
Table 3-1: Percent carry over fraction for the cases studied 
3.4.1 High Mass Flux Reflood  
The temperature/time plot for the high cold reflood velocity (15 cm/s) case is shown 
in Figure 3-4. One may discern three regions in this plot: 
 Region I in which the temperature is close to the original temperature of 
350 °C and in which cooling is slow. One may deduce that this region is one 
in which the surface is dry and that there is an absence of liquid/surface 
contact. As the rewetting front approaches the measurement location, the 
temperature begins to fall and the transition region, Region II is entered. A 
larger scale diagram of the temperature changes in this region is given in 
Figure 3-5.  
  In Region II, the temperature falls initially as a result of heat being 
transferred towards the rewetting front by conduction in the solid and from 
the surface to the fluid by precursory cooling. Precursory cooling is 
probably dominated by heat transfer to the vapour phase (though the 
vapour is, in turn, cooled by evaporation of liquid entrained within it). 
However, there are occasional downwards spikes in temperature which are 
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probably associated with contacts between entrained water droplets and 
the surface in the early stages of the transition zone. As the rewetting front 
is approached, characteristic fluctuations in temperature occur which seem 
similar to those observed in top reflooding. However, it should be noted 
that the surface temperature in this zone is much lower than that observed 
in the top reflooding case; specifically, it is below the homogeneous 
nucleation temperature and the intermittency of the contacts cannot be due 
to homogeneous nucleation events as suggested by Pereira (1998) for the 
case of top reflooding. Nevertheless, it seems plausible to suggest that some 
transient vapour formation events may be occurring and, in Chapter 4, the 
possibility of such events being associated with vapour formation for 
surface nucleation sites is discussed. This is an analogous situation to that 
occurring in ordinary nucleate boiling but the sites activated would in 
general be smaller than those activated in fully developed nucleate boiling 
because of the large transient temperature gradients from the wall. The 
results shown in Figure 3-4 and 3-5 show low amplitude, high frequency 
fluctuations superimposed on the larger amplitude low frequency 
fluctuations. It is hypothesised that the former arise due to (indirect) impact 
of intermittent contacts occurring at different instances of time at multiple 
neighbouring positions in the vicinity of the position of measurement. 
 Region III in which the surface is wet and cooling continues by single phase 
liquid forced convection and nucleate boiling.  
These results for the higher mass flux case suggest that the flow pattern in the tube is 
similar to that for a high flooding rate shown in Figure 1-3, namely an inverse 
annular flow region above the rewetting front and with the downstream breakdown 
of the liquid column.  This form of regime was observed by Costigan (1986) over a 
wide range of cold reflood velocities (see Figure 3-1). However, it should be 
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emphasised that the Costigan experiments were carried out at a much higher 
temperature (600 °C) than that in the present experiments (350 °C).  
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Figure 3-4: Temperature history for the case with initial tube temperature of 345 °C 
and flow velocity of 15.0 cm/sec 
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Figure 3-5: Zoomed in view of region II in Figure 3-4 – temperature history for the 
case with initial tube temperature of 345 °C and flow velocity of 15.0 cm/sec 
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3.4.2 Low and Moderate Mass Flux Reflood 
For cold reflood rates of 5 and 10 cm/s, the results are somewhat different. The 
temperature/time plot for the test at 10 cm/s cold reflood rate is given in Figure 3-6 
and again shows three zones. In Zone I (dry region), there is a gradual cooling but 
the rate of cooling accelerates as the rewetting front approaches and Zone II is 
entered. An expanded view of Zone II is shown in Figure 3-6. In this case, the 
characteristic large fluctuations in temperature as the rewetting front is approached 
are absent. A possible explanation for the different behaviour at low flooding rate is 
that the flow pattern is different. Referring to Figure 1-3, it is seen that Yadigaroglu 
(1978) suggested that, at low flow rates, the transition occurring at the quench front 
is one of the drying out of a liquid film rather than the formation of an inverted 
annular flow as is observed at high flow rates. It seems possible that the differences 
between the high flooding rate and low flooding rate cases observed in the present 
experiments reflect the differences in flow regime as depicted in Figure 1-3 
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Figure 3-6: Temperature history for the case with initial tube temperature of 320 °C 
and flow velocity of 10.0 cm/sec 
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Figure 3-7:  Zoomed in view of region II of Figure 3-6– temperature history for the 
case with initial tube temperature of 320 °C and flow velocity of 10.0 cm/sec 
It seems possible that, at low reflooding rates, liquid droplets are entrained in the 
annular flow region (see Figure 1-3) and can have contacts with the wall in the 
region above the rewetting front leading to the small temperature fluctuations 
observed in this region.  
3.5 Concluding Remarks 
The experiments described above are, to the author’s knowledge, the first in which 
detailed local transient measurements have been made of the local temperature 
behaviour associated with the rewetting front in bottom reflood.  The temperature 
history at a given point has three characteristic components representing three 
regimes, namely a dry region, an intermediate region and a wet region. The results 
suggest that the rewetting behaviour is different depending on whether the reflood 
rate is high or low. For high reflood rate, the observations are consistent with the 
regime above the rewetting front being of the inverted annular type and, for lower 
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reflooding rates, the results are consistent with the rewetting front corresponding to 
a film dryout in annular flow  (these alternative regimes were suggested by 
Yadigaroglu (1978) as illustrated in Figure 1-3). Transient temperature fluctuations 
occur in the intermediate region for the high flooding rate case but the surface 
temperatures at which these occur are well below the homogeneous nucleation 
temperature. Nevertheless, it is possible that transient vapour formation processes 
are occurring, though these may be associated with vapour formation at surface 
vapour nuclei rather than as a result of homogeneous nucleation. It should be 
remembered that the maximum initial temperature in the tests described here was 
350 °C; tests with higher initial temperature could show a different temperature 
history with homogeneous nucleation playing a role.   
Though very interesting results have been obtained from the experiments described 
in this Chapter, there is clearly much scope for further development of the 
methodology. Specific items which might be addressed are: 
 Improvement of the test arrangement. It has to be recognised that the steps 
taken to reconcile the surface of the (flat) sapphire window and the (curved) 
surface of the flow tube represent a compromise. It might be better to use a 
square or rectangular flow channel or to seek an infra-red transparent insert 
which itself has a curved surface.  
 Extension of the temperature range. The experiments described here were 
limited to a maximum temperature of 350 °C due to the limitations of the 
sealant material used to seal the insert. The temperature of the surface being 
wetted clearly has an influence on the regime of rewetting. The results of 
Costigan (1986) (as illustrated in Figure 3-1) show that, for an initial tube 
temperature of 600 °C, the inverted annular regime occurs above the 
rewetting front for the full range of reflood rates investigated.  
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 Improving the spatial discrimination of the temperature measurements. Here, 
the use of an array of deposited thermocouples may give a better spatial 
discrimination but would be technically very challenging. Future 
measurements with the infra-red technique should aim to focus on a smaller 
area using a more powerful infra-red lens and this should be investigated. 
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CHAPTER 4  
ONE-DIMENSIONAL REWETTING MODEL 
Despite extensive experimental and theoretical studies, the detailed heat transfer 
mechanism associated with rewetting of hot surfaces is still not well understood and 
this constitutes a barrier to modelling the whole process. Though the physical 
phenomena are multi-dimensional in nature, it is instructive to explore the 
behaviour of the rewetting process in terms of one-dimensional models and this was 
the approach taken in the work described in this Chapter. Extension of the 
modelling to two dimensions is described in Chapter 5. In Section 4.1, a simple one-
dimensional (axial) model is presented in which only conduction in solid part is 
considered while heat transfer to liquid is taken into via a heat transfer coefficient h. 
It is assumed (following Pereira (1998) and consistent with the present experiments 
on top reflooding with high initial temperature as described in Chapter 2) that the 
temperature at the rewetting front is the homogeneous nucleation temperature THN. 
To reconcile this one-dimensional model with experimental data, it is necessary to 
postulate a very high heat transfer coefficient at the rewetting front. 
Bearing in mind the observation by Pereira (1998), but also confirmed in the present 
work that high frequency temperature fluctuations occur in the rewetting front 
region, a new mechanism which might explain the experimental observations is 
postulated and explored in Section 4.2. This new mechanism involves repeated cyclic 
wetting and evaporation in the region near the rewetting front. One-dimensional 
models to capture this new mechanism are described in Section 4.3.  
4.1 One-dimensional (Axial) Rewetting Analysis  
To get a ‘macroscopic’ indication of the quasi-steady temperature distribution in the 
region of the quench front, a one-dimensional analytical treatment of rewetting of a 
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heated plate has been derived. A heat balance is considered only along the axial 
direction and the temperature variations in the y-direction are neglected (i.e. the 
temperature of the solid wall being wetted is assumed uniform throughout its 
thickness  ). The cross-sectional view of a vertical plate being cooled by a falling 
liquid film is shown in Figure 4-1. Only the dry and the wet regions are considered 
i.e. the length of the intermittent contact region is considered to be zero in this 
treatment. The temperature (which, by definition will be uniform throughout the 
metal thickness) at the rewetting front is taken to be homogeneous nucleation THN, 
consistent with the present experimental results and those of Pereira (1998).  The 
metal temperature some infinite distance downstream (i.e below the rewetting front) 
is taken to be TM and the temperature some infinite distance upstream (i.e. above the 
rewetting front) is taken to be TL. In the liquid wetted region, it is assumed that the 
bulk liquid temperature is TL and that the rate of heat transfer is defined by the 
product of a heat transfer coefficient h and the difference between the solid surface 
temperature T (assumed in this one-dimensional model to be equal to the uniform 
solid temperature across the thickness of the metal) and the bulk liquid temperature 
(TL).  Note that, in this analysis, only the solid domain is being modelled. 
A coordinate system has been used where the origin of the spatial x-coordinate is at 
the rewetting front, and moves at the (known) rewetting speed in the direction of the 
motion of the rewetting front. The one-dimensional energy equations for the dry and 
the wet regions obtained by applying a heat balance are respectively given below: 
  
   
   
       
  
  
                 4-1 
  
   
   
       
  
  
                           4-2 
where h is the wet side heat transfer coefficient. 
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Figure 4-1: Rewetting of heated plate by falling liquid film; one-dimensional two-
region analytical approach 
x  =  0 
x  =  ∞ 
x  = - ∞ 
X-Axis 
Direction of 
liquid flow 
Wetted Region 
Dry Region 
 
Falling Liquid 
film 
 
 
Heated 
Plate 
89 
 
 The boundary conditions for the above equations are:  
    
                
                 
                
                   4-3 
Equation (4-1) can be directly integrated once to obtain (after simplification): 
  
  
  
    
 
                         4-4 
where    has been used  as the constant of integration. Applying the boundary 
condition       at    , the constant of integration is obtained: 
    
    
 
                       4-5 
 Substituting this in equation (4-4) and simplifying: 
  
  
    
    
 
                           4-6 
Note that the bracketed term in equation (4-6) has dimensions of inverse length 
representing the characteristic length ‘L’, and will, henceforth, be written as such:  
  
 
    
                    4-7 
Equation (4-6) can then be written as: 
  
  
   
 
 
                           4-8 
Integrating equation (4-8) once again: 
90 
 
             
 
 
                       4-9 
where    is another constant of integration. Applying the boundary condition 
       at    , the constant of integration is obtained: 
                                    4-10 
Inserting equation (4-10) in (4-9) and rearranging: 
                       
 
 
                4-11 
The solution of equation (4-2) can similarly, be obtained (Duffey and Porthouse 
(1973), Thompson (1972)): 
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The wet side temperature profile depends on the heat transfer coefficient, h, which 
can be determined by demanding the continuity of heat flux at the interface between 
wet and dry regions i.e.  
  
  
  
 
 
    
  
  
 
 
                                 4-13 
Equation ( 4-13) along with equations  (4-11) and (4-12) give the wet side heat 
transfer coefficient h: 
   
  
  
  
       
       
  
 
 
 
 
  
 
 
                   4-14 
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4.1.1 The Validity of the One-dimensional Model 
The fact that the plate thickness cancels out in the above one-dimensional analysis 
(equation 4-11) does not of course mean that the thickness is actually unimportant. It 
is unimportant only if two distinct criteria are met. 
These are that  
 temperature gradients to be much smaller in the y-direction than in the x- 
direction 
 the water can extract enough heat; equivalently, the resistance to y-directed 
heat flow in the metal is large compared to the resistance to heat flow in the 
water.  
The requirement that temperature gradients will be much smaller in the y-direction 
than in the x-direction will be satisfied if the metal thickness is much smaller than 
the characteristic length  noted above, in equation (4-7), and shown in Figure 4-2. For 
the ‘base case’ of a 4 mm per second rewetting speed, this means that the one-
dimensional model is reasonable for thicknesses of plate of a small fraction of a 
millimetre. 
From a computational point of view, a one-dimensional model can be studied for 
any thickness of plate, by using an anisotropic thermal conductivity, much higher in 
the vertical direction. Results could then be compared with anisotropic predictions. 
This might be useful as a ‘computational’ check. Whilst this is a reasonable way to 
examine the importance of two-dimensionality so far as conduction goes, it will 
rapidly fall foul of the second limitation above, as regards providing predictions of 
physical usefulness. 
92 
 
4.1.2 The Characteristic Length, L 
This was defined in equation (4-7). It characterizes, as seen from equation (4-11), the 
rapidity of the spatial variation of the temperature along the plate. The variation of 
this quantity is shown in Figure 4-2. 
 
Figure 4-2: Characteristic length, L, as a function of rewetting speed 
4.1.3 The Spatial and the Temporal Variation of Temperature 
The above analysis employed a coordinate system x that moved with the rewetting 
front. The spatial variations computed are thus snapshots at a particular time, with 
the origin always at the current rewetting front location. 
The real, fixed spatial coordinate,   say, is related to the x via the rewetting speed. 
Specifically, if we define   such that it is zero at time zero, the rewetting front 
location is at: 
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A point with coordinate value x ahead of the rewetting front at some time t will have 
a real world position 
                              4-16 
Correspondingly, the x-coordinate used is given by 
                                4-17 
In the equations (4-11) and (4-12), the value of T(x) has been evaluated. A natural 
requirement would be to compute the temporal variation of temperature at a fixed 
point as the rewetting front approaches it. From the equation (4-16), it is seen that 
this temporal variation at times    apart is then given by the spatial variation at a 
series of positions u/    apart. In what follows, illustrative calculations are presented 
based on the values given in Table 4-1. Evaluation of equations (4-11) and (4-12) 
allows the temperature variation to be plotted, as shown in Figure 4-3. The temporal 
variation of temperature is shown in Figure 4-4. From the analysis of the one-
dimensional temperature distribution along the axial direction, it is found that a 
high temperature gradient exists at the quench front. In this region, there is a big 
difference between the bulk liquid temperature and that of the solid underneath the 
liquid.  Thus, at the quench front, it is very important to consider the heat transfer 
due to conduction in the liquid phase in a direction normal to the flow direction. 
Furthermore, the continuity of heat flux at the interface between dry and wet regions 
(see equation (4-13) along with equations (4-11) and (4-12)) suggest a very high heat 
transfer coefficient at the rewetting front. For the calculations described here, a value 
of 7.16E+4 W m-2 K-1 was required to achieve continuity of temperature gradient, 
equation (4-13), at the interface between dry and wet regions.  
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Ordinary convection cannot account for this high heat transfer coefficient and a 
different mechanism must exist to explain it.  Thus, it is very important to consider 
the details of what is happening in this region. It seems very likely that the 
mechanism involved is associated with the experimentally observed cyclical 
interface lift-off at the quench front and a possible model for this process is described 
in Section 4.2 below.  
Quantity Unit Value 
Conductivity W m-1 K-1 121 
Specific heat * density J m-3 4.00E+061 
Speed m s-1 0.0042 
TM K 8732 
THN K 5812 
Wet side heat transfer 
coefficient, h 
W m-2 K-1 7.16E+043 
 
Table 4-1: Data used in illustrative calculations 
                                                 
1 Sapphire’s thermal properties from literature  
2 These values are taken from the experiments of Pereira (1998) 
3 This heat transfer coefficient was obtained by applying the boundary condition of continuity of heat 
flux at the interface between the dry and wet regions (Equation 4-14).  
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Figure 4-3: Temperature profile along the plate for different rewetting speeds 
 
 
Figure 4-4: Temperature at a point as the rewetting front approaches, for three 
different approach speeds 
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4.2 Proposed Model for Transient Region  
Taken together, the photographic and thermocouple evidence suggests that liquid 
water advances a little over the hot metal, is ejected by explosive boiling, and then 
re-advances. There is a small net rate of advance (i. e. the rewetting speed) so 
presumably not quite all of the advancing liquid is expelled on each occasion. It is 
observed that the rewetting speed is typically 1/10 to 1/100 of the gross rewetting 
speed that the applied flow rate would have caused in the absence of vaporisation. 
That implies that any one point on the surface might be wetted of order 10 to 100 
times, before finally being permanently wetted. 
As the rewetting front approaches, a point on the metal will be cooled to a degree by 
lengthwise conduction, even before it is wetted itself. It is likely in practice also to be 
cooled by vapour flow, and droplet bombardment. Once it begins to be wetted, each 
wetting event will cause some further cooling of the metal by direct heat loss to the 
liquid, until such time as the temperatures reached in the water doing the wetting 
are insufficient to cause explosive vaporisation.  
Overlaid on this simple and ordered explanation are, of course, the complications 
that the events are in reality three-dimensional, and chaotic. 
In the following sections, it is attempted to identify phenomena, and construct a 
model, that plausibly explains these events. In particular, there is a need to identify a 
mechanism that could explain the observed periodicity. 
4.2.1 The Response of Water to a Single Sudden Contact with a Hot Solid 
The temperature of the metal over which each advance occurs is not known, and will 
vary from advance to advance. Also, ‘the temperature of the metal’ is of course a 
grossly simplified way to characterize what will be a rapidly varying three-
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dimensional temperature distribution. Nonetheless, it is helpful to begin with a 
consideration of what happens when water is brought into contact with hot metal. 
4.2.1.1  The Resulting Spatial and Temporal Temperature Distribution in the Water 
A simplified model will be considered in which semi-infinite bodies of water and 
metal at uniform but different initial temperature are suddenly brought into contact. 
Ignoring for the moment any vaporisation, there is an analytical solution to the 
equations describing this. Introducing: 
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The temperature field is given by Carslaw and Jaeger (1959): 
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In the above equations, T is the temperature, x is distance from the interface into the 
material (liquid or solid), t is time,     and    are the thermal conductivity, the 
density and the specific heat of the material (liquid or solid) and the subscript L and 
S stand for the liquid and the solid respectively. The interface immediately assumes 
an intermediate constant temperature, and the temperature disturbance propagates 
into each material. The constant, common interface temperature is a weighted mean 
of the initial solid and liquid temperatures: 
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In Figure 4-5, typical transient temperature distributions for sapphire-water contacts 
are shown. The interface temperature for a range of initial solid temperature is 
shown in Figure 4-6. The behaviour is very similar for finite thickness bodies, at least 
up until such time as the temperature disturbance has propagated to a significant 
degree to the far face. 
 
Figure 4-5: Transient temperature distributions following contact of uniform semi-
infinite bodies of water (right) and sapphire (left), of uniform initial temperatures 
363 K (90 °C) and 573 K (300 °C) respectively, at a series of times (in seconds) 
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Figure 4-6: Interface temperature for sapphire-water contact, for water temperatures 
of 60 and 90 °C 
4.2.1.2 Response: Interface Temperatures above 581 K 
Bubbles can form directly in the bulk water, essentially by a statistical accumulation 
of energetic molecules. Such groupings can become stable bubbles if they meet the 
conditions discussed below with regard to critical radii; the pressure the moving 
molecules exert must be sufficient to overcome the surface tension of the liquid 
surrounding them. The rate at which critical size clusters of sufficiently energetic 
molecules are formed can be shown from statistical thermodynamic considerations 
to be given by (Carey , 1992): 
    
  
  
 
   
     
      
              
                 4-21 
100 
 
where 
      
          
  
                     4-22 
Here, J is the rate of bubble formation per unit volume, N is the number of molecules 
per unit volume, σ is the liquid surface tension, m is the molecular mass, k is the 
Boltzmann’s constant, v is the molar specific volume of the liquid, R is the universal 
gas constant, T is the liquid temperature, P is the liquid pressure, and Psat is the 
saturation pressure. 
This rate is plotted in Figure 4-7. The important observation from this graph is that 
below 581 K (~307 °C), the rate of formation is essentially zero, and that within a 
degree or so of 581 K it becomes very large. This is the phenomenon known as 
homogeneous nucleation, and 581 K the associated homogeneous nucleation 
temperature. 
If the cluster in question forms adjacent to a surface (non-uniform temperature), the 
behaviour is quantitatively a little different, with the cluster formation rate, and in 
particular the temperature at which high formation rates occur, slightly different, 
and a function of the contact angle,  , between the vapour and the surface. In the 
circumstances of relevance here, heating of course does occur from the surface, and 
this distinction is likely to matter. For   > 70° the homogenous nucleation 
temperature for non-uniform temperature case shifts to lower value relative to the 
case where the bulk of the liquid is at uniform temperature, whereas for   < 65° it 
shifts to higher values. For 65° <   < 70°, there is no difference in the two cases. 
From Figure 4-8, it is seen that the critical radius at 581 K (or the slightly lower 
temperatures also noted) is a few nanometres. In order for homogeneous nucleation 
to occur in the hot layer of water adjacent to the solid, the layer must reach the 
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homogeneous nucleation temperature for this distance into the liquid. The 
characteristic time for a temperature disturbance to penetrate a few nanometres is a 
few nanoseconds. 
 
Figure 4-7: The rate of formation of bubbles of the critical size as a function of 
temperature 
Practically, this means that if the post-contact interface temperature is above 581 K 
(or thereabouts, given the contact angle effects), there will be essentially 
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instantaneous vaporisation. From Figure 4-6, for ~90 °C water, this corresponds to 
the observation that if the sapphire surface it wets is above 640 K, there will be 
essentially instantaneous generation of vapour at the interface. 
4.2.1.3 Response: Interface Temperatures below 581 K 
If the combination of initial solid and liquid temperatures is such that the initial 
common interface temperature is below 581 K, homogeneous nucleation will not 
occur. 
For these lower interface temperatures, the ‘normal’ process of bubble nucleation 
must occur. For a stable vapour bubble of (critical) radius rc to form, the excess of 
vapour pressure Pv over the liquid pressure Pl must exceed the pressure associated 
with the surface tension at that radius: 
    
   
         
                   4-23 
According to the theory of equilibrium of thermal and chemical potential (Carey , 
1992), the vapour pressure in the bubble is different from the saturation pressure, 
and is given by: 
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This allows equation (4-23) to be written: 
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This variation of the critical radius with water temperature T is shown in Figure 4-8. 
 
Figure 4-8: Bubble critical radius versus temperature 
In order for a stable (critical) bubble to grow, there needs to be a region of water 
adjacent to the surface that is thick enough and hot enough to contain it. This is best 
illustrated by plotting the temperature profiles and the temperature dependent 
critical size bubble diameter on the same graph, and this is done in Figure 4-9. We 
see that in this example, the first time there is a layer of hot water sufficient to 
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accommodate a critical bubble is at about ~4 ns after the contact. The diameter then 
is about 12 nm, and the temperature is ~581 K. 
 
Figure 4-9: Transient temperature profiles at series of times (in seconds), and the 
temperature-dependant critical bubble diameter – initial water temperature 363 K 
(90 °C), initial sapphire temperature 573 K (300 °C) 
These calculations can be repeated for a range of initial solid temperatures, and the 
delay time until vapour generated is evaluated. The results of these calculations are 
shown in Figure 4-10. 
For an initial solid temperature of ~376 K the instantaneous interface temperature is 
373 K, at which nucleation will not occur (ever). The nucleation delay shown in 
Figure 4-10 approaches infinity asymptotically as this temperature is approached, as 
would be expected.  
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Figure 4-10: The delay until nucleation can take place, for a range of initial solid 
temperatures. The vertical line indicates the solid temperature for which the 
instantaneous interface temperature is below 373 K. (Water temperature 363 K.) 
4.2.2 The Response of Water to Repeated Contacts with a Hot Solid 
In the discussion above, and in equations (4-19) and (4-20) and Figure 4-5, the case of 
a single contact between bodies of uniform initial temperature was considered. 
However, that will not be the case here; if nothing else, the first of the multiple 
wettings will leave behind a cooled surface layer in the solid. 
The interface temperature that is reached immediately on contact will still be given 
by equation (4-20), but that temperature will now rise with time. The initial interface 
temperature will be lower than that associated with the bulk solid temperature, 
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because the surface layer had already been subject to cooling during previous 
wetting events. 
This process is at the heart of the explanation to be suggested for the periodicity, so it 
will be explored in more depth, to try to construct a qualitative explanation, before 
the later numerical study. In Figure 4-11, the indicative transient temperature 
distributions in the solid following the first wetting event are shown. 
 
Figure 4-11: Indicative transient temperature distributions in the solid following a 
wetting event, and at a series of later times, following a second wetting event 
occurring immediately after ejection of the first wetting water. 
The solid is initially at (uniform) temperature T1. Contact with the cool water causes 
the interface temperature to drop, instantly, to T2. Assuming that T2 is above THN, 
immediate explosive vaporisation is assumed to remove the water. 
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With the water assumed ejected, a second wetting event is then assumed to occur 
immediately; this assumption will be returned to later. In this second event, fresh 
water, at the original water temperature, is brought into contact with the metal 
surface now at T2. This in turn reduces the interface temperature to T3. It may be 
assumed that this value T3 is below THN. In this event, the water is able to remain in 
quiescent contact with the hot metal. It remains thus until the either sufficient heat 
has been conducted from the depth of the metal to bring the interface temperature 
up to THN, or a water layer hot enough and thick enough has been formed to sustain 
nucleate boiling. The metal surface heats, passing through the distributions 4 and 5 
en route, until upon reaching either of these conditions the water is ejected. 
The temporal variation of the interface temperature can be extracted from the left 
hand graph of Figure 4-11, and this is plotted to its right. Rather than being constant, 
as was so for the uniform initial temperature case, the interface temperature rises 
after this second event. 
Subsequent wetting events will repeat this process, but each time the fresh water 
will impinge on a cooler surface than the previous time. Each time, heat will flow 
from the depth of the metal in an attempt to reduce this temperature difference. 
Presumably the time required to achieve vaporisation will increase with each event, 
until eventually the surface is unable to attain a temperature high enough to expel 
the water, and it remains wet. 
4.2.3 A Mechanism to Explain the Periodicity Observed during Rewetting 
Consider for correctness the case that T2 happened to be above THN. As discussed 
above, homogeneous nucleation will occur essentially immediately, as only a very 
thin layer of liquid needs to be heated to accommodate the small bubbles needed. 
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If the interface temperature following the next wetting, T3, were below THN, the liquid 
would initially remain in contact with the metal. As the temperature of the interface 
rises, in due course THN would be reached, or a water layer hot enough and thick 
enough would be formed to sustain nucleate boiling, and explosive vaporisation 
would occur. 
It is possible that it is this delay, whilst the water sits on the surface waiting for the 
metal temperature to rise and eject it, which is the suggested underlying mechanism 
that is responsible for the discrete, periodic events observed experimentally. 
There is an additional contribution to the delay between these events. This is a finite 
time needed for the advancing film to regain the ground lost in the expulsion, and to 
pass back over the cooled metal surface. It is not readily incorporated in a one-
dimensional model used here. 
4.3 Analysis using the One-dimensional Model 
A numerical analysis was performed of this model, to identify characteristic orders 
of magnitude, and to ascertain if predictions of the model are consistent with 
experimental observations. 
The ‘typical’ parameter values for the numerical study, listed in Table 4-2 were 
adopted. The ‘derived’ values listed assume that the film advances at the superficial 
rewetting speed, and that the net advance associated with each discrete film advance 
is occasioned by not all the film increment being ejected. 
These values indicate that each advance of the film before explosive ejection will be 
~1mm, and will occur over ~2ms, and that all but ~80 μm of this will be ejected. 
These figures also indicate that any given portion of surface will be wetted 
somewhere between perhaps 10 and 100 times, followed by explosive vaporization, 
before it is finally wetted. 
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A one-dimensional two-region numerical solution of the transient heat conduction 
equation has been developed using the ANSYS code (brief introduction of the cod is 
given in Appendix A) to apply this model. The model is used to compute the 
transient temperature distribution in a one-dimensional body of water and of metal 
when they are repeatedly brought into contact. The water will be taken to be semi-
infinite in extent (but as long as it is more than a fraction of a millimetre, its depth 
will not affect the results.) The solid’s lower surface will be taken as adiabatic. 
Parameters Units Values 
Superficial film speed m/s 0.5 
Explosion frequency / period s 500 / 0.002 
Rewetting speed m/s 0.004 
Metal thickness m 0.001 
Initial metal temperatures °C 400 & 600 
Initial liquid temperature °C 90 
Film advance before explosive ejection m 0.001 
Length of film NOT ejected (= net advance) m 8.00E-05 
Time taken for each gross advance S 0.002 
 
Table 4-2: Parameter values used in the numerical study 
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4.3.1 Homogeneous Nucleation Criterion 
Initially, the contact is modelled as ending when the homogeneous nucleation 
temperature is reached at the interface. This provides a much less complex vehicle to 
introduce the model; however, the analysis will be extended to include the nucleate 
boiling criterion in a later subsection. 
Following cessation of contact, the contact is modelled as being immediately 
resumed. There would of course in practice be some delay before contact is resumed, 
(bounded from above by a time of order ‘film advance before explosive ejection’/ 
‘superficial film speed’; say of about 2 ms.)  This is neglected in what follows, but 
will be commented on later. 
On all contacts, the water will be taken to have the same, uniform temperature. This 
corresponds to the assumption that heated water will have been ejected, and that it 
is fresh cool water that makes the following contact. The metal, though, is taken to 
have as its initial temperature distribution the temperature distribution obtained at 
the end of the previous contact.  
Figure 4-12 shows the results for a 600 °C case, where the underside of the solid has 
an adiabatic boundary condition enforced. The surface temperature initially recovers 
to the homogeneous nucleation temperature quickly (of order of a few tens of 
milliseconds), before being re-cooled by the arrival of fresh water. The time for 
temperature recovery increases to a few hundreds of milliseconds, until eventually 
the interface temperature no longer reaches the homogeneous nucleation 
temperature, and (by construction) the surface here is wetted. 
To the present author’s knowledge, this explanation for intermittent contacts has not 
been advanced before and thus represents a major finding from the current work.  
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Figure 4-12: Interface temperature versus time, expulsion criterion based on 
homogeneous nucleation. 873 K (600 °C) initial solid temperature, 363 K (90 °C) 
water, underside of solid adiabatic 
4.3.2 Nucleate Boiling Criterion 
The above is obviously a highly idealised model of a complex three dimensional 
phenomenon, but its predictions do suggest an explanation for the periodicity 
observed in the most detailed, finely resolved measurements of temperature during 
reflood. 
However, the above analysis, by construction, predicts the interface temperature to 
rise to the homogeneous nucleation temperature on every occasion, and if it cannot 
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do so, suggests the solid remains wet. This is not in accord with the experimental 
observations, where the jagged intermittent fluctuations exhibit a general 
downwards trend, and the magnitudes of the fluctuations are smaller (See, for 
example, Figure 3-5 of Chapter 3) It is also contrary to everyday experience; we do 
not expect water to lie quiescently on a surface at temperature just below 308 °C. 
A more complete analysis follows the arguments above, where in addition to 
homogeneous nucleation; the criterion for liquid expulsion from the surface is 
extended to include the ability for stable surface-nucleated bubbles to come into 
being.  From a practical, computing point of view, this is a much more complex 
criterion to implement. The results of the ANSYS calculation have to be examined 
manually, and the time at which there is just sufficient thickness of sufficiently hot 
water for a critical bubble first to form has to be noted. The through-thickness 
temperature distribution at this time then has to be captured, and used as the initial 
temperature distribution for the calculation for the subsequent event. 
Results for such an analysis are shown in Figure 4-13. The size of the temperature 
fluctuations is smaller, and crucially the (smoothed) temperature declines with time. 
As would be expected, the period between events becomes steadily longer. 
However, the period between events is much smaller; a few microseconds, not the 
milliseconds seen above. The entire history of Figure 4-13 occupies some ~5 
microseconds. If they do indeed occur, events of this short a duration are not seen 
(cannot be seen) in the experiments. The period is becoming longer with time.  
As a pragmatic way to overcome the challenges of predicting the nucleate boiling 
case, it is possible to identify from the analysis the equivalent time averaged cooling 
to which the upper surface is subject, and to continue the analysis applying this. The 
computation of the intermittent contacts could then be resumed at a later time. 
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Figure 4-13: Interface temperature versus time. 673 K (400 °C) initial solid 
temperature, 363 K (90 °C) water, underside of solid adiabatic, expulsion criterion 
based on nucleate boiling 
This is the approach adopted to produce Figure 4-14, where the intermittent 
calculation was resumed when the interface temperature had declined to ~400 K. 
Temperature fluctuations are seen to be much smaller, typically of order 5 °C, and 
the period is ~10 ms. Both of these figures are now within the range of the 
experimentally observed values. 
To allow the entire event to be examined, the process was repeated, with the quasi-
steady heat removal continued till an interface temperature of 380 K, before the 
interactions resumed. This is shown in Figure 4-15. This shows the last few wettings 
before the final quench, occurring with periods measured in seconds. 
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Figure 4-14: Interface temperature versus time. 673 K (400 °C) initial solid 
temperatures, 363 K (90 °C) water, underside of solid adiabatic, expulsion criterion 
based on nucleate boiling. Calculation of intermittent contact resumed well into in 
the process, when the interface temperature had fallen to ~400 K. 
 
Figure 4-15: Interface temperature versus time; 673 K (400 °C) initial solid 
temperatures, 363 K (90 °C) water, underside of solid adiabatic, expulsion criterion 
based on nucleate boiling: Calculation of intermittent contact resumed towards the 
end of the process, when the interface temperature had fallen to ~380 K 
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4.4 Concluding Remarks 
Plainly, the process of rewetting is chaotic, complex, and highly three-dimensional. 
In this Chapter, an attempt has been presented to identify a mechanism for the 
erratic, intermittent and repeated wetting that is consistently observed, on a 
microscopic scale, in experimental observations of rewetting. 
In essence, it is postulated that water is able to slide or roll onto dry hot solid, and in 
doing so to cool, instantly, the solid surface. This surface is cooled to below the 
temperature of the substrate at slightly greater depths. Over time, heat diffuses from 
these greater depths, causing the surface to reach temperatures at which water will 
no longer remain in contact with it. This loss of contact could be by homogeneous 
nucleation, if the interface approached 581 K. If temperatures this high are not 
reached, nucleate boiling could occur. This requires that a layer thick enough and 
hot enough to contain a critical bubble be formed. It is believed that this is the crucial 
finding from the current work.  
Early on, before these processes have removed much heat, the substrate 
temperatures are such that expulsion happens very rapidly indeed; at periods well 
beyond experimental observation. Later, longer times are required to re-attain 
temperatures at which nucleate boiling can occur, and a period, and associated 
temperature fluctuations, not inconsistent with observation are predicted. 
Recall, of course, that all this analysis was performed for a one dimensional model. 
Crucially, this cannot take axial (lateral) conduction of heat into account. In practice 
it is to be expected that significant heat conduction from the hot, dry region just 
ahead of the rewetting front will take place. This will reduce the effective initial 
temperature for the intermittent contacts. An investigation of this, via a two 
dimensional transient heat conduction analysis, forms the subject of the next chapter.  
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CHAPTER 5  
TWO-DIMENSIONAL REWETTING MODEL 
Modelling  the  rewetting  process  is  a  challenging  problem.  One‐dimensional 
modelling  is  an  over  simplification  whereas  mechanistic  three‐dimensional 
modelling  of  the  unsteady  processes  occurring  presents  obvious  difficulties. 
However, two‐dimensional simulation using commercial software has been found to 
give reasonable results.  In what follows, a description of the phenomenological two‐
dimensional modelling of  the  rewetting process using  the ANSYS code  is given  in 
Section 5.1. In the Section 5.2, a parametric study is described in which the effect of 
wet side heat transfer coefficient and the rewetting velocity on the quasi steady state 
temperature  distribution  for  a  quiescently  moving  film  was  investigated.  The 
augmentation of this study by adding a heat transfer coefficient that is representative 
of  the  intermittent  contact  region  between  dry  and  wet  regions  is  described  in 
Section 5.3 and some concluding remarks are given in Section 5.4.  
5.1 Phenomenological Modelling using ANSYS 
In this Section, the bases of the use of the ANSYS code in modelling experiments on 
rewetting  are  presented.  The  application  of  this  modelling  to  the  case  of  a 
quiescently moving film is described in Section 5.2 and modelling including a region 
of intermittent contacts ahead of the wet front will be described in Section 5.3.   
5.1.1 Problem Description 
A  two‐dimensional  plate  as  shown  in  the  Figure  5‐1  is  considered.  The  plate 
thickness  (1 mm)  and  the material properties  are  chosen  as  those  of  the  sapphire 
insert used  in  the  experimental work  (see Chapter  2). These  calculations  are  two‐
dimensional in the sense that temperature variations from the surface to the bottom 
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of the plate are taken into account (in the axial one‐dimensional model described in 
Chapter  4,  the  temperature  of  the  plate  in  a  direction  normal  to  its  surface was 
considered  uniform).  In  the  computation,  the  wetting  front  passed  along  the 
(rectangular)  plate  starting  from  the  leading  edge. At  any  given  point  along  the 
plate,  the  temperature of  the plate  surface may be plotted as a  function of  time,  t. 
Suppose  that  the quench  front passes  a given  location  at  time 0t . At  a  far  enough 
distance  from  the  leading  edge,  the  variation  of  temperature with  0( )t t− becomes 
invariant with  distance.  The  results  presented  here  are  for  conditions where  this 
invariance applies. 
These  conditions  could be expected  to be  reasonably  representative of  the  circular 
sapphire plate embodied  in  the stainless steel  tube as used  in  the experiment.   The 
boundary conditions on all edges were adiabatic except on the top surface where a 
convection boundary condition with a variable heat transfer coefficient is considered 
to model processes such as intermittent contacts and cooling by a two phase mixture 
ahead of quench  front. The boundary between wetted and un‐wetted parts moves 
with the rewetting velocity such  that  it represents moving  liquid from  left to right. 
The  temperature  gradients  along  the  axial  and  vertical  directions  and  the 
temperature history at a particular location are the quantities of interest. 
 
Figure 5‐1: Schematic description of the rewetting problem 
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5.1.2 Mesh Convergence Study 
To study  the rewetting problem,  it was necessary  to carry out a mesh convergence 
study for the axial and normal meshes. Also, consideration was given to the distance 
from  the  leading  edge  of  the plate which was  necessary  to  get  quasi‐steady  state 
conditions at  the quench  front as discussed above.   For all  the cases studied, mesh 
convergence was checked. 
5.2 Quiescently Moving Film 
A  quiescently moving  film  case  is  studied  first  of  all.  In  this  case,  the  surface  is 
considered to be comprised of wet and dry regions only, with the interface between 
these  regions  moving  laterally  at  a  specified  speed,  the  rewetting  speed  vrew.  A 
constant heat transfer coefficient h0 is applied to the wet side and a zero heat transfer 
coefficient to the dry part. A parametric study was done to evaluate the effects of the 
parameters  vrew  and  h0.  The  initial  wall  temperature  was matched  to  one  of  the 
conditions studied by Pereira  (1998), namely  the  initial plate  temperature  (600 °C). 
The  output  of  the  calculation  is  the  temperature  history  at  a  given  point  (the 
Observation Point, OP) at which the temperature distribution relative to the wetting 
front becomes invariant with time as discussed above. The OP was chosen as 5 mm 
from  the  leading  edge  of  the  plate;  for  the  range  of  cases  covered,  this met  the 
condition of invariance.  
The temperature history at a certain point on the surface is shown in Figure 5‐2 and 
Figure  5‐3.   The  results  shown  are  for  the  region  around  the  rewetting  front. The 
upstream  (hot  metal)  temperature  is  600  °C  and  the  downstream  (cold  water) 
temperature  is  90  °C  for  all  the  cases  shown. The  experimental  results  shown  are 
those measured by Pereira (1998) and given in Figure 5.16.1 (p. 199) of his thesis. The 
“free” modelling parameters  are  rewetting velocity  vrew  and wet  side heat  transfer 
coefficient h0 and the effect of varying these parameters is shown in Figures 5‐2 and 
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5‐3.  The  effect  of  rewetting  velocity  is  dominant  in  the  dry  region  with  a 
characteristic decline of  temperature  at  a point  as  the quench  front  approaches  it. 
The  results  show  that  with  increasing  quench  front  velocity,  the  temperature 
gradient steepens as the quench front approaches the point of the observation. This 
would  be  expected  since,  for  higher  velocities,  less  time  is  available  for  heat 
conduction.  On the other hand, the heat transfer coefficient has a dominant effect in 
the wet region. Increasing the wet side heat transfer coefficient gives a downwards 
shift of the temperature base line in the wet side. The values of the rewetting velocity 
and the wet side heat transfer coefficient giving the best fit to the results of Pereira 
(1998)  (also  shown  in  Figures  5‐2  and  5‐3)  were  4  mm/s  and  12000  W  m‐2  K‐1 
respectively.   
 
Figure 5‐2: Temperature history for different values of wet side heat transfer 
coefficient with a rewetting velocity of 4 mm/s 
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Figure 5‐3: Temperature history for different values of quench front velocities with a 
wet side heat transfer coefficient of 12000 W m‐2 K‐1 
From this analysis, it has been revealed that even with the best combination of heat 
transfer coefficient and rewetting velocity  to match  the  leading and  trailing  trends, 
there  is a difference  in  the  temperature at  the very  front of  the  liquid  tongue. This 
indicates that a higher heat transfer coefficient is needed in this location to cause this 
rapid decline in temperature. 
The requirement of an enhanced heat transfer coefficient near the quench front in the 
two‐dimensional model  is,  of  course,  consistent with  the  findings  from  the  one‐
dimensional model  as  described  in  Chapter  4.    From  the  visual  observation  and 
temperature measurements,  it has been observed  that high  frequency  intermittent 
contacts occur at this location over a very short axial length and it may be suggested 
that these contacts cause a high heat transfer coefficient in this region. The modelling 
of this phenomenon is discussed in the next section. 
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5.3  Modelling Intermittent Contacts 
 There is good evidence from the experiments that the rewetting proceeds as a series 
of progressions and retreats, with the retreats being on average slightly less than the 
progressions,  leading  to a quasi‐steady progress of  the rewetting  front. Since  these 
progressions  involve direct  contact between  liquid water and hot metal,  there  is a 
high  rate  of  heat  transfer  associated  with  them.  This  rate  is  much  higher,  for 
example, than the rates of heat transfer associated with convective heat transfer and 
a “normal” heat transfer coefficient. 
In  this  section  we  will  attempt  to  construct  a  model  which  embodies  this 
phenomenological process, of  rapid heat  transfer beneath a periodically advancing 
and retreating tip of the film. There will obviously be free parameters in our model, 
in addition to those already discussed in the quiescent progress model earlier in this 
chapter. The additional parameters are the length of intermittent contact region, here 
termed δ  and the frequency ߮ of the advance and retreat of the film by this distance. 
From  these  parameters,  it  is  possible  to  calculate  the  time  averaged  heat  transfer 
coefficient beneath this film. 
The  approach  will  be  to  operate  the  model,  employing  values  of  these  free 
parameters inferred so far as we can from either the experimental measurements, or 
from the various analyses reported earlier in this thesis. Depending on the degree to 
which this can be done, a range of values of the parameters will be investigated. 
5.3.1 Estimation of the Effective Heat Transfer Coefficient beneath the Oscillatory 
Tip 
The temperature/time traces are consistent with there being an enhancement, in the 
region  in which  intermittent  contacts are occurring, of  the heat  transfer  coefficient 
from the surface to the liquid. Rapid heat transfer occurs at each contact and the heat 
transfer  rate  can  be  deduced  from  the  simulations  described  in  Chapter  4  as 
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indicated below and also (as will be shown below) from an analytical model. What is 
not known is the length δ  over which these contacts are occurring.  In the modelling 
described  here,  δ  is  regarded  as  an  arbitrary  parameter  to  be  studied  in  the 
simulation.  Here,  hot  metal  and  water  temperatures  of  600  oC  and  90  °C  were 
assumed as mentioned above.  
In  the one‐dimensional ANSYS simulations  for  the multiple contacts of water with 
the heated solid (Chapter 4), the interface temperature and heat flux were recorded 
for  each  contact.   The amount of heat  transferred  (ܳ) per unit  surface area over a 
complete cycle time τ  is obtained by integrating the heat flux over the contact time 
(the  heat  flux  in  the  non‐contact  period  is  negligible).  Thus ܳ  is  determined  by 
evaluating  the  area under  the  curves  for  a  single  contact  in  a  series  of  successive 
contacts obtained by one‐dimensional model for transient region implemented using 
the commercial code ANSYS (Figure 4‐12(b)). The average heat transfer coefficient ݄௖ 
for a single contact over the cycle time τ  is then given by:  
 ݄܋∆ܶ ൌ
ொ
ఛ
                          5‐1 
where  ∆T  is  the difference between  the homogeneous nucleation  temperature and 
the bulk  liquid temperature (≈ 581‐363 = 220 K).   For the series of contacts given  in 
Figure 4‐12(b), the average heat transfer coefficient can be calculated using equation 
(5‐1) as a function of the cycle time τ  (which itself is a function of time). The results 
are shown in Figure 5‐4.  
The average heat transfer coefficient can also be calculated as a function of cycle time 
from  analytical  solutions  available  in  the  published  literature,  namely  from  the 
theory   of heat  transfer during  the process of heating a semi‐infinite body of  fixed 
known  temperature  when  a  constant  (different)  temperature  is  intermittently 
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imposed on the edge of the body at a frequency of ߮ with a ratio of contact time to 
no‐contact time of Rt ((Kakaç and Yener 1995), (Pereira 1998)). Here, the contact time 
is defined as the time over which the boundary temperature is imposed and the no‐
contact time is the time over which the surface is adiabatic. An analytical expression 
for contact heat transfer coefficient is given by: 
hୡ ൌ  
ସඥୖ౪ ஦
ଶାஞି ୖ౪ஞ
ට஛ై஡ైେ౦ై
஠
                      5‐2 
In this equation, the parameter ߦ is defined as: 
ξ ൌ  ට
஛ై஡ైେ౦ై
஛౏஡౏େ౦౏
                       5‐3 
Where Rt  is  the  contact  fraction  (ratio of  contact  time  to no  contact  time), ߮ is  the 
intermittent  contact  frequency,  and ߩ, ߣ and ܥ௣  represent  respectively  the  density, 
the thermal conductivity and the specific heat. The subscripts L and S stand for the 
liquid and solid respectively. 
For Rt = 1, equation (5‐2) reduces to: 
hୡ ൌ 2 ට
஦஛ై஡ైେ౦ై
஠
                       5‐4 
The average  intermittent contact heat  transfer coefficients calculated  from equation 
(5‐4)  are  compared  with  those  calculated  using  ANSYS  in  Figure  5‐4.  The 
intermittent contact heat transfer coefficient values given in Figure 5‐4 are averaged 
over one cycle  including  the contact and no‐contact  time, assuming  that Rt =1. The 
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ANSYS computed and analytical results are in good agreement though the average 
intermittent  contact  heat  transfer  coefficient  calculated  using  ANSYS  is  slightly 
lower  than  that predicted  from  the analytical model.   This would be expected;  the 
discrepancy  arises  from  the  fact  that  though  the ANSYS  simulations were  started 
from uniform solid temperature, the solid temperature is subsequently non‐uniform 
as a result of cooling by repeated contacts. The non uniform initial solid temperature 
will  give  an  increasing  solid‐liquid  interface  temperature  during  the  contact.  The 
analytical  results  are  based  on  uniform  interface  temperature.  Nevertheless,  the 
good agreement in the observed trends lends credence to the validity of the ANSYS 
calculations.     
 
 
Figure  5‐4: Average  intermittent  contact  heat  transfer  coefficient  as  a  function  of 
contact period (assuming that the contact and non‐contact times are equal, i.e. Rt =1) 
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The averaged  intermittent heat transfer coefficients shown  in Figure 5‐4 are related 
to time period and hence to the frequency of the intermittency. For a frequency of 60 
to 140 Hz (consistent with the experimental observations), the average heat transfer 
coefficient  varies  over  the  range  2  ×  104  to  3  ×  104 W m‐2  K‐1.  This  heat  transfer 
coefficient will be applied over a short zone of  length δ  upstream of  the rewetting 
front. Since this heat transfer coefficient (related to contact frequency) and the value 
of δ  are not known, a parametric study was performed to  investigate the effects of 
δ  and hc  on the temperature/time plots. A value of wet side heat transfer coefficient 
of 12000 W m‐2 K‐1 was assumed in the wetted region beyond the intermittent contact 
region and a rewetting  front velocity of 4 mm/s were assumed consistent with  the 
results shown in Figures 5‐2 and 5‐3.  
To model the  intermittent contacts, the  intermittent contact heat transfer coefficient 
is  averaged  over  one  cycle  including  the  contact  and  no‐contact  time.  The  heat 
transfer  coefficient  calculated  as  indicated  above  is  imposed  ahead  of  the  quench 
front over a lengthδ .  A parametric study has been performed to examine the effects 
of  δ  and hc; the results are shown in Figure 5‐5 and Figure 5‐6. Closest match with 
the  Pereira  results was  obtained with δ =  0.25 mm  and  hc =  2.75  x  104 W m‐2 K‐1. 
Comparison  of  Figures  5‐2  &  5‐3  with  Figures  5‐5  &  5‐6  shows  that modelling 
intermittent contact heat transfer improves the prediction of the rapid decline of the 
temperature just prior to arrival of quench front. It has been observed that when this 
high  heat  transfer  patch  passes  over  the  observation  point,  it  leaves  behind  an 
increasing  interface  temperature. The  increase  in  the  interface  temperature behind 
the quench  front results  from recovery of  the  temperature due  to conduction  from 
beneath  the  surface. As  shown  in  Figure  5‐5, with  increasing ߜ,  the  elapsed  time 
between the temperature fall and subsequent rise increases and, also, the minimum 
temperature decreases. The minimum  temperature decreases with  increasing  heat 
transfer coefficient hc as shown in Figure 5‐6. 
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Figure 5‐5: The effect of intermittent contact length for a constant intermittent 
contact heat transfer coefficient of 12000 W m‐2 K‐1 
 
Figure 5‐6: The effect of intermittent heat transfer coefficient for a constant length, ߜ,   
of intermittent contact region0.25 mm 
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5.4  Concluding Remarks  
Considerable  insight  has  been  obtained  into  the  processes  occurring  during 
rewetting  by  carrying  out  transient  conduction  calculations  using  a  commercial 
computer  package  (ANSYS).  This  is  not  a  complete  solution  of  the  problem; 
specifically, the length of the intermittent wetting zone near the rewetting front and 
the heat  transfer coefficient  in  this zone has  to be  specified  to  fit  the experimental 
data,  though  the  values  of  heat  transfer  coefficient  are  consistent  with  the 
measurements of contact frequency 
However, it seems probable that the basic feature of the process (intermittent contact 
between  the  liquid and solid  in  the  rewetting  front  region) has been captured and 
the results are consistent with the experimental data. Future work in this area should 
be  focussed  on  a more  deterministic modelling  of  the  intermittent  contact  region 
with  the  specific  objective  of  estimating,  from  first  principles,  the  detailed 
characteristics of this region.   
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CHAPTER 6  
CONCLUSIONS AND RECOMMENDATIONS FOR 
FURHER WORK 
In this Chapter, the main conclusions arising from the present work are listed in 
Section 6.1 and recommendations for further work are given in Section 6.2.  
6.1 Conclusions 
The following main conclusions were drawn from the work described in this thesis: 
 1- The microscopic processes occurring locally at the quench front in both top 
reflooding and bottom reflooding were studied using a fast response infra-red 
thermal imaging technique (see Chapters 2 and 3). It is believed that this was 
the first time that this technique has been used for such a study.  The 
temperature measurements were augmented with the visual observations 
using a high speed video camera in order to get further insights into the 
phenomena involved. It is concluded from these measurements and 
observations that intermittent events occur in the region of the rewetting front 
which lead to an augmentation of the heat transfer in that region. It seems 
likely that these events are associated with rapid vapour growth. Depending 
on the local temperature, the vapour formation events can either be associated 
with homogeneous nucleation or, it is postulated, with nucleation from pre-
existing wall nucleation sites (as in normal nucleate boiling but with much 
smaller sites activated due to the large temperature gradient away from the 
wall).  
 2- Two one-dimensional models were developed. These were as follows: 
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 A one-dimensional model in which the temperature of the metal wall was 
assumed constant in the direction normal to the direction of the 
movement of the rewetting front. The model considered two surface 
regions, one which was dry and the other which was wet. Following the 
suggestion of Pereira (1998), the interface between the two regions was 
assumed to be at the homogeneous nucleation temperature (THN) and a 
fixed heat transfer coefficient was assumed in the wetted region. It was 
concluded from these calculations that the heat transfer coefficient which 
needed to be specified in the wetting region was much higher than would 
be expected from normal convective processes. It was concluded that this 
enhancement resulted from the intermittent process occurring near the 
wet/dry interface.  
 A one-dimensional model of transient heat transfer in a direction normal 
to the surface. The process modelled was that of the liquid (water, say) 
impacting on a hot surface. Following impact, the interface temperature 
attains a value which depends on the initial temperatures of the liquid 
and solid phases and on their physical properties. This temperature may 
be sufficient to cause rapid vapour generation. For instance, if the 
temperature is above the homogeneous nucleation temperature, then 
rapid (explosive) vapour generation would occur over a very short time 
period. Subsequently, the solid surface temperature reduces (for instance 
to the homogeneous nucleation temperature in the case where the earlier 
event started with a solid temperature higher than THN). When the liquid 
and solid undergo a further contact, the instantaneous interface 
temperature on impact is now lower (for instance lower than THN  in the 
case where the initial solid temperature was THN at the beginning of the 
second impact). The solid surface temperature now increases and, when it 
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reaches THN in the case considered, a further explosive vapour formation 
occurs and the liquid is thrown off the surface. The process is then 
repeated cyclically until the solid is no longer at a temperature where 
conduction through it to the surface can give rise to the critical 
temperature (THN in the case considered).  The governing timescale in this 
cyclical process is the time for the solid surface temperature to reach the 
critical value after the first and subsequent impacts with the liquid. The 
timescales calculated are commensurate with the experimental 
observations. The feasible temperature range for the bottom reflood 
experiments was such that the rewetting front was at a temperature lower 
than THN. Despite this fact, cyclical fluctuation behaviour was still 
observed during the passage of the rewetting front and it is hypothesised 
that this cyclical behaviour is associated with the formation of vapour at 
pre-existing surface nucleation sites (the process applying in normal 
boiling but with much smaller sites being activated due to the large 
temperature gradients applying). This process was also modelled using 
the one-dimensional representation in ANSYS.  
 3- A two-dimensional model of the rewetting process was also carried out using 
the ANSYS code. Here, variations of temperature in the solid were taken into 
account in both the direction of flow and in the direction normal to the solid 
surface.  In the first stage of these simulations, the phenomenon of a 
quiescently moving film was studied. In this case, only wet and dry parts 
were considered with the boundary between the two regions moving at a 
velocity vrew and with a constant heat transfer coefficient h0 in the wet part and 
zero heat transfer coefficient in the dry part. This study was further extended 
by introducing intermittent contact region between the dry and the wet 
regions by imposing a high heat transfer coefficient hc over a length  . A 
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parametric study was done to see the effect of these parameters on the 
temperature/time profile. These simulations indicated that a heat transfer 
coefficient in the wet part which was very much higher than that expected for 
normal convection was needed to reconcile the results. It was thus concluded 
that the intermittent contact zone referred to above was one in which the heat 
transfer coefficient was enhanced. Analysis of the data from the one-
dimensional calculations referred to above led to estimates of heat transfer 
coefficients in this zone. Though the axial extent of the zone was not known 
and was treated as a fitting parameter, reasonable agreement with the data 
were obtained for values of the length of this zone set around 0.25 mm. Thus, 
the model can explain the temperature/time plots obtained in experimental 
studies; it suggests that a short intermittently wetted zone exists near the 
rewetting front in which greatly enhanced heat transfer is occurring.  
6.2 Recommendations for Further Work 
The following recommendations are made for further work on the topic area of this 
thesis, namely rewetting of hot surfaces:  
 1- Though the experiments described in Chapters 2 and 3 have provided 
important new evidence on the rewetting process and particularly on the wall 
temperature fluctuations associated with the passage of the rewetting front, 
there is clearly scope for further work which might include:  
 Improvements in the design of the bottom reflood experiment which 
would allow higher initial wall temperatures to be used. This might 
involve improved sealing methods for the sapphire inserts and the use of 
curved inserts or square or rectangular cross section channels.  
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 Improvements in the transient temperature measurements which would 
allow even more localized measurements to be obtained. The infra-red 
camera allows measurements to be taken which are averaged over a zone 
of around 0.28 x 0.28 mm. A spatial discrimination of around one tenth of 
this size would appear to be very desirable. Pereira (1998) achieved this 
with a single deposited thermocouple which had a junction size of around 
0.03 mm. but, if feasible, the installation of an array of such 
thermocouples covering an area of surface similar to that viewed by the 
infra-red camera could yield much more localised information about the 
fluctuating temperatures. The use of an array of deposited thermocouples 
may give a better spatial discrimination but would be technically very 
challenging. Future measurements with the infra-red technique should 
aim to focus on a smaller area. Though this was not feasible with the 
camera on loan from EPSRC, it may be possible to improve discrimination 
by using a more powerful infra-red lens and this should be investigated. 
 Improvements in the visualisation of the events accompanying rewetting. 
Viewing through a sapphire or other compatible transparent window 
would be one possibility.  
 2- Though the modelling work described in this thesis has given considerable 
insights into the processes involved, there is a need to develop a model which 
is fully closed, i.e. one which does not need the specification of a “free 
parameters”, namely the rewetting velocity, the length of the intermittent 
contact zone and the heat transfer coefficient for the wet side and intermittent 
contact region. The development of such a model will need to include the 
description of the detailed interaction processes between the phases (vapour, 
solid and liquid) around the rewetting front.  
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APPENDIX A INTRODUCTION TO ANSYS 
ANSYS is general-purpose finite element analysis (FEA) software package.  Finite 
Element Analysis is a numerical method of deconstructing a complex system into 
very small pieces (of user-designated size) called elements. The software implements 
equations that govern the behaviour of these elements and solves them all; creating a 
comprehensive explanation of how the system acts as a whole. These results then 
can be presented in tabulated or graphical forms.  This type of analysis is typically 
used for the design and optimization of a system far too complex to analyze by 
hand.  Systems that may fit into this category are too complex due to their geometry, 
scale, or governing equations. 
A.1 Generic Steps to Solving any Problem in ANSYS: 
 Like solving any problem analytically, it is needed to define (1) the solution domain, 
(2) the physical model, (3) boundary conditions and (4) the physical properties. Then 
the problem is solved and the results are presented. In numerical methods, the main 
difference is an extra step called mesh generation. This is the step that divides the 
complex model into small elements that become solvable in an otherwise too 
complex situation. Below describes the processes in terminology slightly more 
attune to the software. 
 Build Geometry 
Construct a two or three dimensional representation of the object to be modelled and 
tested using the work plane coordinates system within ANSYS. 
 Define Material Properties 
Now that the part exists, define a library of the necessary materials that compose the 
object (or project) being modelled.  This includes thermal and mechanical properties. 
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Generate Mesh 
At this point ANSYS understands the makeup of the part.  Now define how the 
modelled system should be broken down into finite pieces.   
 Apply Loads 
Once the system is fully designed, the last task is to burden the system with 
constraints, such as physical loadings or boundary conditions. 
Obtain Solution 
This is actually a step, because ANSYS needs to understand within what state 
(steady state, transient… etc.) the problem must be solved. 
 Present the Results 
After the solution has been obtained, there are many ways to present ANSYS’ 
results, choose from many options such as tables, graphs, and contour plots. 
A.2 Specific Capabilities of ANSYS 
ANSYS has capability of addressing problems from a wide range of disciplines in 
science and engineering e.g. structural analysis, thermal analysis, fluid flow, 
magnetic, acoustics / vibration and coupled fields.  
Thermal Analysis 
ANSYS is capable of both steady state and transient analysis of any solid with 
thermal boundary conditions. Steady-state thermal analyses calculate the effects of 
steady thermal loads on a system or component. Users often perform a steady-state 
analysis before doing a transient thermal analysis, to help establish initial conditions. 
A steady-state analysis also can be the last step of a transient thermal analysis; 
performed after all transient effects have diminished. ANSYS can be used to 
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determine temperatures, thermal gradients, heat flow rates, and heat fluxes in an 
object that are caused by thermal loads that do not vary over time. Such loads 
include the following: 
 Convection 
 Radiation 
 Heat flow rates 
 Heat fluxes (heat flow per unit area) 
 Heat generation rates (heat flow per unit volume) 
 Constant temperature boundaries 
 A steady-state thermal analysis may be either linear, with constant material 
properties; or nonlinear, with material properties that depend on temperature. The 
thermal properties of most material vary with temperature. This temperature 
dependency being appreciable, the analysis becomes nonlinear. Radiation boundary 
conditions also make the analysis nonlinear. Transient calculations are time 
dependent and ANSYS can both solve distributions as well as create video for time 
incremental displays of models. 
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